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Abstract 
Stagonospora nodorum is the causal agent of the wheat disease Stagonospora 
nodorum blotch (SNB). It is of major economic importance within Australia where, in 
recent growing seasons, it has caused upwards of A$100 million in losses. The severity 
of the disease is dependent upon several factors, of which asexual sporulation is a 
major contributor. The aim of this study was to identify proteins that are differentially 
abundant between a series of S. nodorum strains across sporulation, and using this 
knowledge, investigate the role they facilitate within asexual development. 
A quantitative multiplexed 2D LC-MALDI-TOF/TOF MS analysis of S. nodorum, and 
three mutants previously identified as perturbed at various stages in the development 
of asexual sporulation, sch1, stuA, and mpd1, was performed using the iTRAQ 8-plex 
labelling system. This analysis identified a selection of proteins with possible roles in 
asexual development.  
The identified proteins were evaluated against a range of criteria, including postulated 
roles, gene expression, and across which interactions they were altered. These 
comparisons resulted in the selection of four proteins for further study. These proteins 
were an inducible near-UV protein (Uvi1), a formate dehydrogenase (Fod1), a 
predicted HSCARG dehydrogenase (Hsc1), and lastly, a protein of unknown function, 
SNOG_08052. The gene encoding for each protein of interest was identified, and 
through homologous recombination knockout mutants were constructed. 
Characterisation of the four mutants was performed to determine the role of each of 
these proteins during asexual sporulation. The first three mutants presented with 
phenotypes not significantly different from the wildtype strain. The SNOG_08052KO 
strains showed a reduction in sporulation when grown on MM agar supplemented 
with sucrose as the sole carbon source. This phenotype was complemented by the 
addition of mannitol to the media. In addition the SNOG_08052KO strains showed 
significantly increased enzymatic activities for pathways related to mannitol 
metabolism and reduced pathogenicity in planta.  
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To investigate the biochemical aspects of this strain further, a metabolite analysis was 
performed. This identified a number of key differences between the wildtype and 
knockout strains of S. nodorum. An increase in abundance of the metabolite glucose 
was accompanied by decreases in the abundances of a range of polyols. This suggests 
that disruption of SNOG_08052 causes an inability of the mutants to accumulate or 
process simple sugars. The metabolites mannitol and trehalose, which have previously 
been linked to sporulation, were differentially abundant within the mutants further 
confirming their involvement in sporulation. 
This study has utilised a shotgun proteomics workflow and identified a selection of 
proteins linked to sporulation, and whilst some of these proteins have previous links to 
sporulation, many do not. Through the use of reverse genetics this study successfully 
disrupted the genes encoding for four of those proteins, of which one, SNOG_08052, 
has been found to play a role in development of asexual sporulation. Metabolic 
assessment of the non-sporulating SNOG_08052KO mutants revealed the ability to 
accumulate and utilise specific sugars is central to sporulation. 
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5' 5 prime 
ADP adenosine diphosphate 
ATP adenosine triphosphate 
ALA δ-aminolaevulinic acid 
APSES  ASM-1, Phd1, StuA, EFG1, and Sok2 containing domain 
BLASTP basic local alignment search tool (Protein) 
CaM kinase calcium/calmodulin protein kinase 
cm centimetre 
CS complete supplement 
CzV8 Czapek-Dox V8 juice 
dpi days post inoculation 
°C degrees Celsius 
DNA deoxyribonucleic acid 
DLA detached leaf assay 
ESI eElectrospray ionisation 
FTICR Fourier transformed ion cyclotron resonance  
GC-MS gas chromatography – mass spectrometry 
GO gene ontology 
gDNA genomic DNA 
g gram 
g gravitational force 
HSP heat shock proteins 
Hz Hertz 
HPLC high performance liquid chromatography 
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h hour 
iTRAQ isobaric tags for relative and absolute quantitation 
IEF isoelectric focusing 
kbp kilobase pairs 
LC liquid chromatography 
Mdh1 mannitol dehydrogenase 
Mpd1 mannitol-1-phosphate dehydrogenase 
MS mass spectrometer 
m/z mass-to-charge ratio 
MALDI matrix assisted laser desorption ionisation 
µL microlitre 
µmole micromole 
µM micromoles per litre (Micromolar) 
mL millilitre 
mm millimetre 
mm2 square millimetre 
mm3 cubic millimetre 
mM millimoles per litre (millimolar) 
MM minimal media 
Milli-Q 0.22 µm Millipore membrane-filtered deionised water 
min minute 
MAP kinase  mitogen activated protein kinase 
M moles per litre (molar) 
MUDPIT multidimensional protein identification technology 
nm nanometre 
NIST national institute of standards and technology 
1D one dimensional 
NAD(P)+ oxidised nicotinamide adenine dinucleotide (phosphate) 
PEG polyethylene glycol 
PCR polymerase chain reaction 
PC principal component 
PCA principal component analysis 
Q quadrupole mass analyse 
ROS reactive oxygen species 
NAD(P)H reduced nicotinamide adenine dinucleotide (phosphate) 
RI retention index 
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RT retention time 
RP reversed phase 
rpm revolutions per minute 
RNA ribonucleic acid 
PAGE polyacrylamide gel electrophoresis 
SDS sodium dodecyl sulphate 
SPE solid phase extraction 
SNB Stagonospora nodorum blotch 
SN15 Stagonospora nodorum strain 15 (wildtype)  
SCX strong cation exchange 
MS/MS tandem mass spectrometry 
TOF/TOF tandem time of flight  
TWA tap water agar 
TOF time of flight mass analyser 
TEAB triethylammonium bicarbontate 
Tris-HCl tris(hydroxymethyl)aminomethane hydrochloride 
SNP1 trypsin-like protease from S. nodorum 
2D  two dimensional 
2D-E two dimensional gel electrophoresis 
uHPLC ultra high performance liquid chromatography 
U unit of enzymatic activity 
V8PDA V8 juice potato dextrose agar 
v/v volume per volume 
V Volts 
w/v weight per volume 
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General Introduction 
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1. General Introduction 
1.1. Wheat production  
Wheat is grown in numerous locations around the globe, from its ancestral origin 
within the fertile crescent of ancient Mesopotamia it has been transported around the 
globe to become the most widely planted crop acreage wise, the fourth most highly 
produced crop tonnage wise and second most valuable crop. (Fig. 1.1, 1.2) 
(http://faostat3.fao.org/) 
As a staple food crop for the ever increasing global population, the protection of 
wheat crops from disease is paramount for maintaining a stable production of food 
and preventing malnutrition, starvation, and death.  
The threats to wheat range from the abiotic stresses of drought, cold, and salinity 
through to the biotic stresses such as fungi, bacteria, oomycetes, and viruses.  
Phytopathogenic fungi present one of the most successful destructive forces on 
plants (Soanes et al., 2007), and as such, one of the greatest threats to wheat 
production. Their prevalence within the growing season of wheat is linked to a range 
of external factors, such as moisture levels, and temperature fluctuation, that can 
either accentuate or abate the severity of the disease they cause. The culmination of 
these factors results in a degree of variation that makes control of plant pathogens a 
constantly changing battle and one which tends to favour the pathogen during times 
that are favourable for crop growth. 
A combination of farming practices, chemical controls, and selective breeding for 
resistance traits offer the most successful methodologies for controlling the pathogens 
of wheat (Hershman and Johnson, 2009; Hollomon and Brent, 2009; McCouch, 2004; 
Oxley and Burnett, 2008). However, as the pathogens are capable of adapting and 
overcoming many of the chemical treatments and resistance traits within a relatively 
short time period, the continual development of new cultivars of wheat with new 
resistance traits and the development of chemicals that target novel pathways within 
the pathogens becomes more important. 
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Figure 1.1 Wheat 10 year average production by country 2001-2010. (Adapted from the Food 
and Agriculture Organization of the United Nations (http://faostat3.fao.org)) 
 
Figure 1.2 Crop production and net production values for 2010. (Reproduced from the Food 
and Agriculture Organization of the United Nation (http://faostat3.fao.org))) 
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1.2. Fungal pathogens of plants 
The majority of fungal species are saprotrophic organisms that acquire the 
nutrients they require from dead and decaying material. There are however a large 
number of fungal species that are parasitic towards plants making them of economic 
and social importance to human kind. 
The co-evolution of fungal pathogens and their host plants has resulted in the 
formation of elaborate mechanisms by which fungal plant pathogens are able to 
extract nutrients from the host and continue their growth cycle (Dodds and Rathjen, 
2010; Keen, 1990).  
Before fungal plant pathogens can use their elaborate mechanisms, they must first 
gain entry into the plant. This is performed by either opportunistic entry through 
damaged plant tissue and natural openings such as stomata, or through forced 
penetration into the plant using either specialised penetrating structures or through 
the use of chemical and enzymatic degradation of the physical barriers. As with many 
of the saprophytic fungi, fungal plant pathogens possess a range of proteins that are 
secreted to aid in entry. Predicted molecular functionality of the secretomes from over 
50 fungal species, including several major plant pathogens, shows that hydrolase 
activity, peptidase activity, and catalytic activity make up more than 50% of the 
molecular functionalities of proteins that are secreted (Lum and Min, 2011).   
Once plant fungal pathogens have successfully penetrated the physical barriers of 
the plant the differing strategies by which they gain their nutrients, and by which they 
are classified, are employed. 
Biotrophic plant pathogens exist effectively as parasites within their host, surviving 
and extracting nutrients only while the host is alive. As part of the infection the 
pathogen synthesises and secretes effector proteins, some of which are translocated 
into the host cells. A successful infection leads to suppression of the host immune 
system and reprogramming of the host cell so that nutrients are readily available and 
the pathogen is able to complete its lifecycle (Dodds et al., 2009). 
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Necrotrophic plant pathogens cause necrosis of plant tissue once they have gained 
entry into the host. It was initially thought that necrotrophic pathogens caused 
necrosis within their host in a simplistic manner through the secretion of a range of cell 
wall degrading enzymes and non-host specific phytotoxins (Manocha and Sahai, 1993). 
However, in recent years it has been revealed that like the biotrophic plant pathogens, 
a select group of necrotrophic fungi are capable of synthesising and secreting a range 
of proteinaceous effectors, however unlike the biotrophic fungi, the effectors act as 
host specific toxins that induce a cell death (Oliver and Solomon, 2010). Necrotrophic 
fungi also possess a range of systems required to survive the hostile conditions present 
during the induction of cell death, allowing them to utilise the released nutrients and 
complete their lifecycle. The most common of these mechanisms being the 
incorporation of anti-apoptotic systems and an overabundance of antioxidants (Lin et 
al., 2009; Mayer et al., 2001; Shlezinger et al., 2011) 
Hemibiotrophic fungi initially start out as biotrophic plant pathogens, secreting 
effector proteins, evading the host immune system, and extracting the nutrients 
required for growth (Horbach et al., 2011). However, after a period of time they adopt 
the necrotrophic strategy, eliciting a response from the immune system which results 
in necrosis of the host tissue (Deller et al., 2011). Hemibiotrophic fungi, like 
necrotrophic fungi, possess the systems to survive this response, which allows them to 
complete their lifecycle within the dead and dying host tissue.  
1.3. Stagonospora nodorum  
Stagonospora nodorum (telemorph: Phaeospheria nodorum) is a necrotrophic 
fungal pathogen and within wheat, the causative agent of the disease Stagonospora 
nodorum blotch (SNB) (Solomon et al., 2006b). S. nodorum is a host specific pathogen 
which synthesises and secretes a range of effector proteins that act upon its specific 
host. 
The cost attributable to S. nodorum globally is hard to ascertain, however within 
Australia detailed information surrounding the losses due to pathogens and the costs 
of control have been well documented. S. nodorum was responsible for A$108 million 
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in lost revenue during the year of 2009, however, this figure does not include the cost 
of control measures, making the real financial impact of this specific pathogen much 
greater (Murray and Brennan, 2009). 
The pathogenicity of S. nodorum relies not only upon the production of proteins 
and enzymes that allow it to induce necrosis in its host, but also on factors involved in 
the spread of the fungi and the continuation of the polycyclic growth cycle. The 
severity of the disease symptoms are strongly affected by the ability of the pathogen 
to spread both up the growing plant as well as between closely located plants. This 
aspect of pathogenicity relates to the ability of the fungi to rapidly undergo asexual 
sporulation upon the infected plant multiple times within the growth season of the 
host (Solomon et al., 2006b).  
Mechanisms for the control of fungal infections on crops range from the traditional 
farming practices in which the crops are tilled into the ground to the more modern use 
of chemical agents. Control methods generally focus on a specific phase in the growth 
of the organism, tilling targets the sexual phase of wheat stubble and disrupts the 
ability of the fungi to re-infect crops the next year. Alternatives to this involve 
strategies based on burning the stubble at the end of a growing season, however due 
to the expansive land areas involved, the loss of fertile soil, and the environmental 
damage methods such as these can cause, they are less than desirable. The time at 
which crops are planted also plays a role in how well the pathogen will infect and for 
some species of fungi a delay in the planting can result in significantly less infection 
and disease (Hershman and Johnson, 2009). 
Chemical methods to control fungal pathogens are also time dependent and rely 
upon a specific dosage at specific growth stages, usage of chemicals must also be 
carefully regimented as the overuse of one type of agent can lead to fungal resistance 
to entire classes of chemicals (Ma and Michailides, 2005). Along with this, all chemicals 
are under increasingly strict environmental guidelines making the discovery and 
registration of new chemical control agents an increasingly difficult task (Kim and 
Hwang, 2007). 
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Advances in understanding fungi have also aided in control methods. The 
sequencing of the S. nodorum genome has led to the identification of several 
proteinaceous effectors (Abeysekara et al., 2012; Friesen et al., 2008a; Hane et al., 
2007), and through the characterisation and subsequent production of these, breeding 
programs have had access to a rapid screening tool for development and selection of 
new wheat cultivars with reduced susceptibility. 
1.4. S. nodorum infection cycle 
The infection cycle of S. nodorum upon wheat has been well characterised (Figure. 
1.3) (Oliver et al., 2012; Sommerhalder et al., 2011) as have the structural changes that 
occur during the development of pycnidia and the maturation of the pycnidiospores 
(Douaiher et al., 2004). The initial infection of crops can occur via several avenues and 
subsequent transmission of the pathogen can occur over a range of distances. Long 
distance dispersal of fungi is typically the result of wind dispersed ascospores. This 
method of dispersal is exacerbated by farming practices designed to limit soil erosion 
in which the stubble from a previous season’s crop is retained, thus providing the 
perfect environment for the telomorph of S. nodorum, Phaeosphaeria nodorum, to 
reproduce sexually. The use of infected seed can also spread the fungi to new locations 
(Solomon et al., 2006b).  
Once established upon its host and under favourable growing conditions, asexual 
sporulation provides an ideal strategy for the fungus to spread across the plant. It is 
the asexual form of the fungi that has the ability to propagate the disease to levels 
where major losses can result. During the initial stage of infection, germinating spores 
from the fungi penetrate the plant cuticle and allow invasive growth into the plant 
tissue to begin. After several days, chlorosis occurs, followed by necrosis allowing 
pycnidia to develop within the dead tissue. These pycnidia melanise and subsequently 
mature over the next 7-14 days. Once fully developed the pycnidia open, at a point 
known as the ostiole, allowing the cirrhus, which contains the mature pycnidiospores, 
to be released (Douaiher et al., 2004) (Figure. 1.4). The production of asexual 
pycnidiospores takes between two to three weeks after which the spores are 
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distributed both to uninfected regions of the same plant and to nearby plants by rain 
splash. S. nodorum is capable of undergoing multiple cycles of asexual sporulation 
during a wheat growing season (Sommerhalder et al., 2011). This intensifies the 
infection upon the plant and the resultant disease can cripple the ability of the plant to 
photosynthesise, resulting in crop losses. Although a handful of known enzymes have 
been identified and shown to disrupt sporulation, many of the molecular events that 
regulate asexual sporulation within S. nodorum remain unknown (Oliver et al., 2012). 
 
Figure 1.3 Life cycle of Phaeosphareia nodorum causing SNB of wheat (Reproduced from Oliver 
et. al., 2012) 
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Figure 1.4 The cirrhus, once ejected from the pycnidia, has a pinkish hue. 
1.5. Previous studies of S. nodorum 
A search through the published literature reveals more than twenty four genes 
have been manipulated within S. nodorum with the aim of characterising aspects 
related to pathogenicity, primary metabolism, signalling cascades, and sporulation. 
Initial gene disruption targets were selected based upon information from closely 
related species (Solomon et al., 2005b). Subsequent targets are based upon evidence 
gained through characterisation via the combination of omic’s approaches that have 
been used to dissect the transcript, protein, and metabolite profile of the pathogen 
under a range of conditions. 
S. nodorum was the first fungal pathogen of wheat to have its genome sequenced 
(Hane et al., 2007). This has allowed researchers to compare this pathogen with other 
closely related fungi and, through comparative genomics, identify features that may be 
related to pathogenicity and virulence. 
Of the mutants that have been constructed, their detailed analysis has provided 
many clues as to what genes are required at various times in the growth cycle. 
Disruptions at any stage in the polycyclic asexual cycle lead to a decrease in the overall 
level of the infection. This ultimately leads to a decreased level of inoculum which 
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impedes subsequent infections, highlighting the appeal of asexual reproduction as a 
disease management target.  
The characterisation of the previously constructed mutants has allowed the piecing 
together of many of the pathways that affect the growth cycle of S. nodorum. Those 
mutants with disruptions in development and sporulation, as well as the inability to 
successfully infect, have given the most information towards potential strategies for 
control. A detailed review on the pathogenicity of S. nodorum highlighted the points at 
which many of the previously constructed mutants affect the asexual sporulation cycle 
(Oliver et al., 2012). This analysis also allows the various mutants to be categorised 
based upon the stage they disrupt (Fig.5). 
1.5.1. Germination and penetration 
Malate synthase (Mls1), a key enzyme within the glyoxylate cycle, was found to be 
required for germination with deletion mutants for malate synthase unable to 
germinate without an exogenous supply of glucose or sucrose. This implies a 
requirement of the S. nodorum to break down and utilise triacylglycerides present 
within the spore as a primary carbon source during germination (Solomon et al., 
2004a). 
-Aminolaevulinic acid synthase (Als1) catalyses the conversion of succinyl CoA to 
-aminolaevulinic acid (ALA), a key step in the synthesis of porphyrin. Mutants lacking 
Als1 were unable to cause disease on the host, and it was identified that germtubes 
produced by the germinating spores survived for only a short period of time in the 
absence of ALA. Supplementation with ALA restored the ability of the disrupted strains 
to penetrate the host. However after several days the supplemented mutants were no 
longer viable, suggesting it is not capable of acquiring enough ALA solely from the 
plant tissue during the vegetative growth stage (Solomon et al., 2006a). 
Necrotrophic pathogens, like many saprotrophs, secrete copious cell wall 
degrading enzymes (Tan et al., 2009a; van Kan, 2006) and S .nodorum is no exception 
(Lalaoui et al., 2000). One such enzyme is the trypsin-like protein SNP1, (Carlile et al., 
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2000). Following identification of the enzyme and subsequent characterisation of this 
enzyme’s activity during infection, a knockout mutant (snp1) was constructed. 
Pathogenicity of the mutant, and in particular the ability to cause infection, was 
observed to not be perturbed (Bindschedler et al., 2003). Within the mutant, the 
activity of alternate proteases, that were previously undetected, complemented the 
loss of SNP1. This indicates, that there is a built in level of redundancy within the 
secreted enzymes, making them a poor target for disruption of the life cycle. 
1.5.2. Invasive growth 
Following germination and penetration into the host invasive growth begins. 
During the invasive growth phase of infection S. nodorum must gain access to nutrients 
from the host in order to continue the infection and initiate sporulation. Several genes 
have been identified that affect the success of S. nodorum at this stage and they that 
can be grouped into several categories. 
 Effector proteins 
 Signalling pathways 
 Transcriptional regulation 
1.5.2.1. Effector proteins 
S. nodorum produces a range of effector proteins that induce the host to initiate 
cell death (Liu et al., 2012). These effector proteins work in a manner reminiscent of 
the classical gene-for-gene interaction (Flor, 1971). However as opposed to the 
hypersensitive response which leads to programmed cell death and resistance, the 
effectors of S. nodorum induce necrosis in what has been termed an inverse gene-for-
gene interaction causing susceptibility (Friesen et al., 2008b). 
Tissue undergoing necrosis has been shown to exhibit many of the classical 
programmed cell death hallmarks including the generation of reactive oxygen species 
(ROS), DNA laddering and callose deposition (Dickman et al., 2001; Rudd et al., 2008; 
Wolpert et al., 2002). However, this has yet to be demonstrated for S. nodorum. 
Nevertheless, induction of necrosis presents the fungus with an unforgiving 
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environment in which it must first survive before it can make use of the nutrients that 
the host releases. 
1.5.2.2. Extracellular perception and signal transduction  
Signalling pathways; those involved in both perception of extracellular stimuli, and 
the transduction of intracellular signals, have been found to be of significant 
importance for the ability of S. nodorum to grow invasively within its host.  
Two proteins in particular, Mak2 and Gna1, have highlighted the significant 
influence of the MAP kinase and cyclic AMP-dependent signalling pathways within S. 
nodorum. These two proteins have been well studied and characterised across a range 
of systems (Dhillon et al., 2007; Kumar et al., 2003; Rosenbaum et al., 2009). Within S. 
nodorum, their role in development and pathogenicity has been investigated over the 
past eight years (Casey et al., 2010; Gummer et al., 2012; Solomon et al., 2004b; 
Solomon et al., 2005b; Tan et al., 2009a; Tan et al., 2008). 
The analysis of the mak2 mutant revealed that following inoculation onto a 
susceptible host it was unable to cause an infection. This was found to be due to the 
absence of any structures capable of penetrating into the host tissue. However, even 
when S. nodorum was able to gain entry into the host, through either natural openings 
or wounds, it was unable to cause disease. The in vitro growth of the mak2 mutants 
was also reduced as well as the ability to sporulate (Solomon et al., 2005b). The severe 
phenotype of the mak2 mutant highlighted the necessity of the MAP kinase signalling 
cascades in many aspects of S. nodorum growth and development. 
The heterotrimeric G-protein complex consists of three unique protein subunits, of 
which the Gna1 subunit has a well-established role in asexual differentiation as well as 
pathogenicity and melanisation. The Gba1 and Gga1 subunits have also recently been 
identified as affecting asexual development with mutants being unable to differentiate 
pycnidia or pycnidiospores under normal growth conditions. However, the phenotypes 
of the three mutants were distinctly different from one another, indicating that 
although the heterotrimeric G-protein complex is important for sporulation and 
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pathogenicity, the individual subunits impart distinct fingerprints upon the 
transmission of subsequent signals (Gummer et al., 2012). 
Prior to the dissection of the G-protein subunits, comprehensive analyses of the 
effect of Gna1 on both extracellular secreted proteins and also intracellular proteins 
had been performed. The intracellular proteins were first subjected to differential 
analysis against those of the wildtype SN15 strain via 2D PAGE. This study identified 
several proteins that are significantly regulated by the gna1 mutation. One of the 
proteins, a short chain dehydrogenase, was identified and shown to be responsible for 
the development of the pycnidial wall (see section 1.5.3.1). 
Analysis of the secreted proteins from the gna1 mutant was performed via 2D 
PAGE and compared to the secreted proteins from the wildtype SN15 strain. Gene 
expression analysis of the secreted proteins was performed in vitro and in planta in an 
effort to determine at which point in the growth cycle the proteins were most likely to 
be of importance. This analysis identified a range of cell wall degrading enzymes, as 
well as several proteins of unknown function, that correlated to differentially 
expressed genes during infection (Tan et al., 2009a). The same study also speculated 
that the albino phenotype observed in the gna1 mutant was due to an uncoupling of 
biosynthetic pathways involved in the production of melanin through the aromatic 
amino acid pathways, with the up-regulation of a tyrosinase. 
In a more recent study, a quantitative proteomics approach was used to further 
dissect the changes that are present in the gna1 mutant compared to the wildtype 
SN15 strain (Casey et al., 2010). By utilising the 4-plex iTRAQ labelling methodology, 
the study was able to identify 49 proteins that showed differential changes in 
abundance. Of the proteins identified, several were linked to various aspects of 
primary cellular metabolism, while others were linked to pathways previously 
identified as affecting sporulation, such as mannitol metabolism and a short chain 
dehydrogenase with a high degree of similarity to a short chain dehydrogenase 
previously identified (Tan et al., 2008).  
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1.5.2.3. Transcriptional regulators 
Transcriptional factors containing a conserved APSES (ASM-1, Phd1, StuA, EFG1, 
and Sok2) domain (Aramayo et al., 1996) are specific to Ascomycetes and have been 
shown to regulate various aspect of developmental differentiation. The transcription 
factor StuA, which harbours the conserved APSES domain, was identified in S. nodorum 
through homology searching against Aspergillus nidulans (IpCho et al., 2010). 
Disruption of the gene within S. nodorum resulted in mutants that are significantly 
disrupted across many aspects of development. They are essentially non-pathogenic 
with a reduced ability to infect tissue. The vegetative growth of these mutants is also 
severely disrupted compared to the wild type when grown on simple carbon sources, 
and they are unable to sporulate.  
Microscopic observation of stuA revealed this mutant was unable to form mycelial 
knots. Mycelial knots are an early developmental stage in the formation of pycnidia 
(IpCho et al., 2010). This represents one of the earliest disruptions within 
differentiation and development of pycnidia and viable spores within S. nodorum. The 
transcript abundance of StuA was also shown too increase through infection indicating 
that although this gene is required for the initiation of mycelial knots, it may also have 
a role in later developmental aspects.  
1.5.3. Sporulation 
Following successful invasive growth and nutrient sequestration of the host tissue 
S. nodorum forms pycnidia that subsequently release the asexual spores that continue 
the growth cycle. Several enzymes are now known to be required for differentiation 
including Sch1, Mpd1, Mdh1, Tps1, Odc1 and CpkA. However, the precise molecular 
mechanism(s) involved are still largely unknown.  
1.5.3.1. Short chain dehydrogenases 
As previously described, the short chain dehydrogenase (Sch1), was significantly 
less abundant in the gna1 mutants, indicating that it is positively regulated by G-
protein alpha signalling. Reverse genetic approaches were taken to determine the role 
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of Sch1 during sporulation, and characterisation of the sch1 mutant revealed that, akin 
to the gna1 mutant, this mutant suffered poor growth on minimal media (MM) with a 
significant decrease in sporulation (Tan et al., 2008). Microscopic assessment of this 
mutant revealed that the pycnidia were reduced in size, and the structure and number 
of spores were significantly smaller than the wildtype. Given the evidence, this protein 
was suggested to play a role in differentiation of the pycnidia, as the wall of the 
pycnidia was severely compromised within the mutant compared to that of the 
wildtype. Two alternative short chain dehydrogenases were also identified. The first of 
the two, Sch2 (SNOG_13042), was more abundant within the sch1 mutants. To assess 
if Sch2 was compensating for the loss of Sch1, a double mutant, sch1sch2, was 
constructed. This mutant showed an identical phenotype to that of sch1 suggesting 
that Sch2 cannot compensate the loss of Sch1 (Tan, 2007; Tan et al., 2008).  
The second short chain dehydrogenase identified, Sch3 (SNOG_08282), was down 
regulated within the gna1 mutant, indicating that it is positively regulated by Gna1. 
Construction of knockout mutants for this gene, showed that the Sch3 is required for 
sporulation in planta and that it has a role in the maturation of pycnidia (Casey et al., 
2010).  
1.5.3.2. Mannitol metabolism 
Mannitol is one of the most abundant biochemical compounds in nature (Lewis 
and Smith, 1967). Within filamentous fungi it has been postulated to have roles in 
stress tolerance, carbohydrate storage, redox potential, and spore dispersal (Corina 
and Munday, 1971; Hult et al., 1980; Trail and Xu, 2002; Voegele et al., 2005). Despite 
the continued study of mannitol, its precise role within filamentous fungi remains 
vague. However, within S. nodorum several of the previously postulated roles have at 
least been eliminated (Solomon et al., 2007). 
The characterisation of mannitol metabolism in S. nodorum has focused on the 
deletion of enzymes associated with mannitol metabolism. Mutants lacking mannitol-
1-phosphate dehydrogenase (Mpd1) were impaired for sporulation in planta (Solomon 
et al., 2005a). In vitro analysis of this mutant revealed growth in the absence of 
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mannitol resulted in a significant reduction in sporulation. The contribution of 
mannitol dehydrogenase (Mdh1) was also assessed and showed that although Mdh1 is 
not required for sporulation, when both Mpd1 and Mdh1 are deleted, and the mutant 
grown in the absence of mannitol. 
An interesting observation from the proteomic analysis of the gna1 mutant vs the 
wildtype SN15 strain was the identification of both mannitol 1-phosphate 
dehydrogenase (Mpd1) and mannitol dehydrogenase (Mdh1) as significantly different 
in abundance (Casey et al., 2010). Mpd1 was observed to be lower in abundance 
within the gna1 mutant, whilst Mdh1 was higher in abundance, indicating a direct link 
between G-protein alpha signalling and this important polyol. 
1.5.3.3. Trehalose  
A previous study has shown the disaccharide trehalose increased in abundance 
during sporulation (Lowe, 2006). This observation was made during a non-targeted 
metabolomics assessment of sporulation within S. nodorum and showed that the 
metabolite peaked during the later stages of growth that coincide with the onset of 
sporulation. This lead to the targeted gene disruption and characterisation of 
trehalose-6 phosphate synthase (Tps1) (Lowe et al., 2009). 
Characterisation of the tps1 mutants showed a phenotype with a reduced ability to 
cause necrosis within the host, as well as a significant reduction in pycnidia formation, 
even when supplied with exogenous trehalose. Mutants were also observed to be 
more susceptible to oxidative stress. Taken together these results suggested that 
trehalose acts as a protectant within the fungi. Reduction in pathogenicity of the tps1 
mutants was also postulated to be due to a decreased capacity to buffer against 
oxidative damage during invasive growth. A lead on effect from the reduced oxidative 
buffering capacity could be perturbation of sporulation, as a disruption in oxidative 
status of the fungi could be affecting numerous signalling pathways (Apel and Hirt, 
2004).  
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1.5.3.4. Ornithine and the polyamine pathways 
Ornithine decarboxylase (Odc), a key enzyme involved in polyamine biosynthesis 
(Rajam et al., 1985), was one of the first genes to be disrupted within S. nodorum. The 
enzyme was chosen for disruption based upon previous evidence towards its 
requirement for conidiation within Aspergillus parasiticus (Guzman-de-Pena and Ruiz-
Herrera, 1997).  
Analysis of odc mutants showed that disruption of the polyamine pathway causes 
the mutants to become reliant upon supplementation of polyamines for any growth 
past initial germination (Bailey et al., 2000). The mutants were not disrupted in their 
ability to initiate infection however there was a significant decrease in pathogenicity, 
implying the mutants were unable to synthesize sufficient polyamines to continue the 
infection. In an attempt to determine the role of Odc on sporulation, the gene was 
complemented in a strain of A. nidulans lacking Odc. This was able to partially restore 
conidiation within A. nidulans; however, based on the evidence no definitive 
explanations could be created. 
1.5.3.5. Calcium/calmodulin protein kinase signalling 
Calcium/Calmodulin protein kinases (CaM kinases) are involved with intracellular 
signal transduction, and have a demonstrated role within other fungal plant pathogens 
(Blumwald et al., 1998; Dean, 1997; Lee et al., 2003). Within S. nodorum, the 
contributions of three identified CaM kinases have been investigated though 
disruption of the three genes, CpkA, CpkB, and CpkC (Solomon et al., 2006c). Gene 
expression data for CpkA revealed that all three genes were expressed in vitro and in 
planta, with the expression of CpkA strongly up-regulated during sporulation in planta.  
Investigation of the three mutants revealed that pathogenicity was unaffected by 
the disruption of CaM kinases’. However, strains lacking CpkA, sporulation was strongly 
reduced on complete media, whilst no sporulation was evident on defined media. 
Further microscopic investigation revealed that the cpkA mutant was unable to 
differentiate mycelial knots, a key step in the development of pycnidia.  
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The involvement of metabolites previously connected to sporulation, mannitol and 
trehalose, were assessed, however the levels of both these metabolites remained 
unaffected by the cpkA mutation. Therefore, the disruption to sporulation caused by 
the absence of CpkA is likely independent of pathways involved in the metabolism of 
these two key metabolites. 
1.5.4. Pathways affecting development in S. nodorum  
Following successful germination and invasion growth within host tissue fungal 
pathogens initiate the process of sporulation. For S. nodorum, this involves the 
formation of mycelial knots which melanise and differentiate to form pycnidia. These 
pycnidia then mature inside the asexual pycnidiospores until such time as they are 
released by rain splash, thus completing the infection cycle. The use of reverse 
genetics to decipher many of the potential pathways that have a role in sporulation 
has been a relatively fruitful exercise. Disruptions to signalling pathways have a 
demonstrated role fungal sporulation. This is perhaps not too surprising given the roles 
these signalling cascades and pathways perform within the cell. G-proteins have 
previously been shown to be important for sensing environmental stimulants, and 
CaM kinases and MAP kinases are vital in the signal transduction of everything from 
regulating cellular homeostasis to cell cycle arrest and mating response.  
The mutations described in previous studies of S. nodorum are genetically diverse. 
Characterisation of these mutants has revealed that, although the disrupted pathways 
are in most cases genetically isolated, sporulation is commonly affected. The way the 
various mutations affect sporulation differ greatly and the mutants can possibly be 
clustered based upon the specific developmental stage at which they are attenuated. A 
clear example of this can be portrayed though comparison of the mutants stuA, sch1, 
and mpd1 against wildtype S. nodorum. Whereas the mycelial of S. nodorum first 
differentiates into mycelial knots, which subsequently develop into pycnidia that then 
mature to release spores. The stuA mutant is unable to differentiate mycelial knots 
while the sch1 can differentiate mycelial knots but is developmentally halted at this 
point, and the mpd1 mutant differentiates pycnidia but they are unable to mature and 
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do not contain spores. The varying levels of disruption in the development of mature 
pycnidia presents as a valuable tool by which to further dissect sporulation.  
1.6. Omics analysis of systems 
The traditional approach for studying biological systems has followed reductionism 
methodologies in which complex systems are reduced into smaller, less complicated, 
components, which are then studied in depth. This approach has provided a detailed 
understanding of many biological reactions. However, the numerous interactions that 
occur between and within complex biological systems, and the inherent redundancy of 
many systems, means that a relatively simplistic cause and effect model allowed for 
though reductionist methodologies presents a major limitation to understanding. 
As technological advancements have occurred, making possible the analysis of the 
total complement of genes, transcripts, proteins, and metabolites within biological 
systems, the field of systems biology, has emerged. It takes a holistic approach to the 
analysis of biological systems and, by taking multiple snapshots under well-defined 
parameters, allows the piecing together of the various interacting components which 
allows researchers to construct models for signalling pathways and metabolic 
networks within the biological system. 
“Omics” fields have developed over time to represent a series of holistic 
approaches for the study of various components of the cell. Whereas the initial term 
genome can be traced back to the beginning of the 20th century as a term coined to 
describe the haploid set of chromosomes of an organism by Hans Winkler (Winkler, 
1920). Nowadays genomics can be defined as the study of genes and their function, 
whilst the ever increasing list of omics fields relate to the holistic studies of their 
prefixes. (Lederberg and McCray, 2001) 
1.6.1. Proteomics of fungal plant pathogens 
Proteins are a diverse and abundant class of biomolecules (Garrett and Grisham, 
2005). They are the machinery and scaffolding of the cell, catalysing reactions for the 
utilisation of metabolites, as well as the synthesise of secondary metabolites that are 
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used for everything from defence against other microorganisms, to signalling between 
organisms. 
The term proteomics was first coined to describe the protein complement 
expressed by the genome of an organism (Wilkins et al., 1996) taking its name from 
these two facets protein and genome. The proteome can be defined as being the total 
set of proteins present within a defined biological space at a specific point in time 
under specific environmental conditions. Thus, proteomics aims to discover how, 
where, when and for what purpose the proteins within an organism are produced. 
How they interact both in and outside the organism, how they contribute to the 
growth and development within an organism and how they work to synthesis the wide 
variety of metabolic processes that they do. 
The term proteomics relates to a number of specific proteomics fields, each 
defining a specific area of research. Initially, descriptive proteomics looked to identify 
the protein complement of an organism within a specific set of conditions. Following 
from this the development of differential abundance proteomics has been used to 
describe changes occurring between two or more sets of conditions. As the field has 
developed it has become apparent that post-translational modifications affect the way 
in which proteins behave and are regulated. This has led to an increased focus on 
elucidating how, why, and where these modifications are produced. Along with this, 
proteomic fields such as interactomics, which aims to determine protein-protein 
interactions, and secretomics, which focuses specifically upon the secreted proteins 
from an organism, have become vital proteomic workflows for truly understanding an 
organism (Gonzalez-Fernandez and Jorrin, 2010).  
As the techniques for investigating the proteome of an organism have become 
more sensitive, the number of proteins that are observable increases. Furthermore the 
availability of high quality genomic information, which allows the protein complement 
of an organism to be predicted in silico, increases the power of the results that 
proteomic studies are able to deliver. 
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Proteomics has often been utilised to understand and characterise fungi. A search 
via Scopus reveals over 712 articles describing proteomics and fungi. Of these, over 
200 articles concern plant pathogens. The dependence upon high quality genome data 
for good protein identification limits studies to those organisms which have been 
sequenced. The US Department of Energy, in an initiative titled the Joint Genome 
Institute Fungal Genomics Program, has sequenced the genomes of over 130 
important fungal species, (http://www.jgi.doe.gov/). Fungal plant pathogens are well 
represented within this cohort due to the significant economic impact they have upon 
crops worldwide, and a continuation of this trend looks set to occur thanks to the 
positive outcomes in combating pathogens that has occurred. As a result of the 
advances in genomics and proteomics, as well as the increased sensitivity of 
instruments and the ability to resolve complex protein mixtures, there has been a 
marked increase in the number of publications within this field since 2002 (Fig. 1.5).  
 
Figure 1.5 Articles published, including reviews, on fungal proteomics (Scopus) 
Proteomics is a powerful tool for the investigation of biological systems. A number 
of studies have performed proteomic assessment of plants infected by a fungal 
pathogen, but the focus of these studies has usually been directed into the response 
from the plant as opposed to the range of fungal proteins that are present during the 
infection (El Hadrami et al., 2012; Kim et al., 2004a; Lee et al., 2009; Zhou et al., 2006). 
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There have only been a limited number of studies utilising proteomics to 
investigate fungal plant pathogens (Table. 1.1), but they have had their importance 
highlighted within two reviews on the subject (Gonzalez-Fernandez and Jorrin-Novo, 
2012; Gonzalez-Fernandez et al., 2010). Proteomic analysis of fungal sporulation is far 
less common, with only seven papers appearing within Scopus, whilst of these only 
four utilised mass spectrometry as a means of identifying the proteins (Crespo-
Sempere et al., 2011; Kwon et al., 2009; Piette et al., 2005; Tan et al., 2009a). 
Of the studies performed (Table 1.1), two dimensional gel electrophoresis (2-DE) 
has been the methodology of choice for the analysis of fungal proteins. With the 
development and emergence of more accessible proteomics techniques that utilise 
liquid chromatography (LC), there has been a shift in focus away from wholly gel based 
assessment, this, coupled to the development of a number of labelling techniques that 
allow comparative analysis to be coupled to LC (SILAC, iCAT, iTRAQ, TMT), has allowed 
an even greater dissection of the proteome and some of these methods will be 
discussed further within Chapter 3.  
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Table 1.1 Proteomic studies on fungal plant pathogens 
Fungus  Proteomic approach  
Aspergillus ssp.  1D PAGE, MALDI-TOF MS, LC-ESI MS/MS (Sulc et 
al., 2009) 
Aspergillus flavus  1D / 2D PAGE, LC-ESI MS/MS (Medina et al., 
2005) 
 1D / 2D PAGE, MALDI-TOF MS (Medina et al., 
2004) 
Blumeria graminis f.sp. hordei 2D PAGE, MALDI-TOF/TOF MS/MS (Noir et al., 
2009) 
 LC-ESI MS/MS (Godfrey et al., 2009) 
 LC-ESI MS/MS (Bindschedler et al., 2009) 
Botrytis cinerea  2D PAGE, MALDI-TOF/TOF MS/MS, LC-ESI MS/MS 
(Fernandez-Acero et al., 2006) 
 2D PAGE, MALDI-TOF/TOF MS/MS, LC ESI-MS/MS 
(Fernandez-Acero et al., 2009) 
 2D PAGE, MALDI-TOF/TOF-MS/MS (Fernandez-
Acero et al., 2009) 
 1D PAGE, LC MS/MS (Shah et al., 2009a) 
 1D PAGE, LC MS/MS (Shah et al., 2009b) 
Curvularia lunata  2D PAGE, MALDI-TOF/TOF-MS/MS (Xu et al., 
2007) 
Fusarium graminearum  1D/2D PAGE, LC-Q-TOF-MS/MS (Phalip et al., 
2005) 
 1D PAGE, LC-FTICR MS/MS (Paper et al., 2007) 
 2D PAGE, LC-ESI MS/MS, iTRAQ 2D LC-ESI MS/MS 
(Taylor et al., 2008) 
 2D PAGE, ESI-MS/MS (Kwon et al., 2009) 
Leptosphaeria maculans  1D PAGE, IEF, 2D PAGE (Vincent et al., 2009) 
Magnaporthe oryzea 2D PAGE (Kim et al., 2004b) 
Phanerochaete chrysosporium 2D PAGE, MALDI-TOF-MS (Matsuzaki et al., 2008) 
Pyrenophora tritici-repentis  2D PAGE, LC-ESI-Q-TOF-MS/MS (Cao et al., 2009) 
Pyrenophora teres f. teres 2D PAGE, LC-ESI-IT -MS/MS (Ismail et al., 2014) 
Pleorotus ostreatus 1D PAGE, MALDI-TOF-MS, ESI-Q-TOF-MS/MS 
(Matis et al., 2005) 
Rhizoctonia solani  2D PAGE, MALDI-TOF-MS (Lakshman et al., 2008) 
Sclerotinia sclerotiorum  2D PAGE, LC-ESI-TOF MS/MS (Yajima and Kav, 
2006) 
Stagnospora nodorum 2D PAGE, LC-ESI-MS/MS (Tan et al., 2009a; Tan et 
al., 2008) 
 2D LC-MALDI-MS/MS (Bringans et al., 2009) 
 iTRAQ 2D LC-MALDI-TOF/TOF MS/MS (Casey et 
al., 2010)  
Uromyces appendiculatus  MUDPIT-MS/MS (Cooper et al., 2007) 
Ustilago maydis  2D PAGE, MALDI-TOF-MS, LC-Q-TOF MS/MS 
(Bohmer et al., 2007) 
Verticillium dahliae 2D PAGE, LC-ESI MS/MS (El-Bebany et al., 2010) 
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1.7. Aims of this work 
Sporulation is an often overlooked developmental phase for polycyclic pathogens 
such as S. nodorum. The success of infection within the field is reliant upon high 
inoculum loads that are caused by multiple cycles of asexual reproduction. Finding a 
target that disrupts this step could lead to dramatic reductions in the severity of the 
disease. 
However, sporulation should not be thought of as single developmental process 
but as the culmination of multiple developmental pathways coming together to allow 
the pathogen to reproduce. As such, a holistic assessment of the changes that are 
occurring during this phase of the fungi’s growth cycle will provide a more complete 
projection of the multiple pathways that contribute to sporulation.  
The primary aim of this work was to quantitatively identify proteins within S. 
nodorum that are differentially abundant during sporulation and determine the 
various pathways that are involved within this important developmental stage. By 
utilising three previously characterised mutants, affected at distinct developmental 
stages in sporulation (stuA, sch1, and mpd1), and performing a quantitative 
proteomics analysis of the mutants in comparison to the wildtype strain of S. nodorum, 
we have aimed to identify proteins and pathways that are required during the 
different developmental phases of sporulation. To further validate the influence of the 
identified proteins, and characterise their role in the specific development phases, 
targeted gene disruption was performed with the aim of validating these pathways as 
potential targets that may aid in the control of this economically important pathogen.  
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Chapter 2 
General Materials and Methods 
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2. Materials and Methods 
2.1. Culture media and solutions 
Benzimidazole agar          
      0.3 g/L Benzimidazole 
      10 g/L agar 
Complete supplement (CS) 50x        
      20 g/L Bacto-casamino acids 
      20 g/L Bacto-peptone 
       20 g/L Bacto-yeast extract 
      3 g/L Adenine 
      0.02 g/L Biotin 
      0.02 g/L Nicotinic acid 
      0.02 g/l P-aminobenzoic acid 
      0.02 g/L Pyridoxine 
      0.02 g/L Thiamine 
Czapek-Dox V8 juice plus CS (CzV8CS)        
      45.4 g/L Czapek-Dox agar 
      200 mL/L centrifuged V8 juice 
      Adjust to pH 6.0 with NaOH 
      50 mL/L CS (Add after autoclaving) 
CzV8 protoplast agar          
      45 g/L Czapek-Dox agar 
      182.2 g/L sorbitol 
      10 g/L agar 
      200 mL/L centrifuged V8 juice 
      Adjust to pH 6.0 with NaOH 
CzV8 top protoplast agar         
      45 g/L Czapek-Dox agar 
      182.2 g/L sorbitol 
      7.5 g/L agar 
      200 mL/L centrifuged V8 juice 
      Adjust to pH 6.0 with NaOH 
 
Glucanex solution          
      1.2 M MgSO4 
      10 mM phosphate buffer, pH 5.8 
      9.375 g/L Glucanex 
Lysis buffer (for gDNA  extraction)        
      50 mM Tris-HCl, pH 7.5 
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      50 mM EDTA 
      1% (w/v) SDS 
Minimal media (MM)          
      2 g/L NaNO3 
      1 g/L K2HPO4 
      10 mL/L 100X Trace stock 
      30 g/L Sucrose or alternative carbon 
      source as described 
MM trace elements X100          
      0.5 g/L KCl 
      0.5 g/L MgSO4.7H2O 
      10 mg/L ZnSO4.7H2O 
      10 mg/L FeSO4.7H2O 
      2.5 mg/L CuSO4.5H2O 
PEG solution (60%)          
      60% PEG-4000 
      10 mM CaCl2 
      10 mM Tris-HCl, pH 7.4 
Protoplast overlay solution         
      600 mM Sorbitol 
      10 mM Tris-HCl , pH 7.5 
Sorbitol solution          
      1 M Sorbitol 
      10 mM Tris-HCl, pH 7.5 
 
STC solution           
      1.2 M Sorbitol 
      10 mM CaCl2 
      10 mM Tris-HCl, pH 7.5 
TWA           
      15 g/L agar in Tap water 
TAE buffer           
      40 mM Tris-HCl, pH 8 
      20 mM Acetate 
      1 mM EDTA 
TE-RNase buffer          
      10 mM Tris-HCl, pH 8 
      1 mM EDTA 
      5 mg/mL RNaseA 
TE buffered Phenol chloroform        
      10 mM Tris-HCl, pH 8 
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      1 mM EDTA 
      In 1:1, Phenol : chloroform 
V8PDA            
      150 mL/L V8 juice 
      10 g/L PDA 
      3 g/L CaCO3 
      15 g/L agar 
      Adjust to pH 6.0 
Wash solution           
      600 mM MgSO4 
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2.2. Fungal strains 
S. nodorum strain SN15 was supplied by the Department of Agriculture and Food, 
Western Australia.  
The S. nodorum strain, mpd1-1, harbouring a disruption to the mannitol-1-
phosphate dehydrogenase gene SNOG_12666 was a generous gift from Dr Peter 
Solomon (Solomon et al., 2005a). The S. nodorum strain, sch1-42, harbouring a 
disruption to the short chain dehydrogenase gene SNOG_10217 was a generous gift 
from Dr Kar-Chun Tan (Tan et al., 2008). The S. nodorum strain, stuA-48, harbouring a 
disruption to the StuA transcription factor gene SNOG_14941 was a generous gift from 
Dr Simon IpCho (IpCho et al., 2010). All fungal strains used were in a SN15 genetic 
background. 
2.3. Wheat cultivar and growth conditions 
The SN15 susceptible wheat cultivar Triticum aestivum cv Grandin was used in all 
pathogenicity assays. The plants were grown in Ø135 mm pots (8-10 seeds per pot) 
with vermiculite grade 3 and slow release fertiliser. Plants were grown within the 
controlled environment of a glass house with the temperature regulated at 
approximately 20°C. 
2.4. Growth and maintenance of S. nodorum strains 
2.4.1. Routine growth of S. nodorum strains 
S. nodorum strains were maintained on V8PDA for day to day use. Knockout strains 
were inoculated from glycerol stocks onto V8PDA containing the appropriate 
antibiotics with subsequent passaging onto V8PDA or MM.  
2.4.2. Cryogenic storage 
For the long term storage of S. nodorum strains, the spores (or mycelial material 
when spores where not present) were collected and then resuspended in sterile 20% 
glycerol. Aliquots of the resuspended fungal material were then transferred into 2 mL 
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cryovials. The cyrovials were then rapidly frozen in liquid nitrogen and transferred to 
an ultra-cold freezer at -80°C. 
2.4.3. Spore collection 
Fungal strains were grown for two weeks on the solid media plates containing the 
growth media of choice and the spores were harvested as described below. Plates 
were flooded with 4 mL of sterile water, and spores dislodged by agitation of the plate 
surface with a P1000 tip. The plates where left for 10 minutes and the liquid removed 
and transferred to a 10 mL syringe, resting inside a 15 mL conical centrifuge tube on 
ice, with the plunger removed and glass wool filling the bottom 2 cm of the syringe. 
The plate was re-flooded with a further 4 mL of sterile water, and the mycelial 
suspension transferred to the open syringe. The plunger was inserted into the syringe 
and the contents ejected into the 15 mL conical centrifuge tube. The 15 mL centrifuge 
tubes were then centrifuged at 4000 x g for 15 minutes at 4°C. The supernatant was 
discarded and the spore pellet was resuspended in between 100 µL and 1 mL of sterile 
water before being resuspended by vortexing. 
2.4.4. Spore counting 
Following collection the spores where diluted 1:100 (when required) in sterile 
water and mixed well, 10 µL of spore suspension was transferred to a 
haemocytometer and the central counting area (0.01 mm3) was counted under a 
microscope. 
2.4.5. Re-isolation of S. nodorum from wheat leaves 
S. nodorum cultures were re-isolated from wheat leaves periodically to ensure the 
strain used adhered to Koch’s postulate for a pathogenic organism of wheat. The first 
true leaf was taken from 20 two week old wheat seedlings (Grandin cultivar) and 
surface sterilised by wiping with 80% ethanol. The tip section (approximately 2 cm) 
was removed and discarded before leaf sections of approximately 5 cm were cut and 
transferred to benzidimadzole agar plates. Spores from the strains of interest were 
then inoculated onto the centre of individual leaf sections. The plates were then 
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wrapped in cling film and placed under lights for 12 hours of cycling daylight. After 
infection had become apparent and the fungi had started to form visible pycnidia, 1 
cm2 sections from the central infection region were excised and surface sterilised by 
emersion in a solution containing 1% sodium hypochlorite and 5% ethanol. The leaf 
sections were then washed twice in sterile water before being placed onto TWA plates 
containing 100 µg/mL ampicillin and 30 µg/mL streptomycin. 
The leaf sections were then placed at 20°C with 12 hour cycled light for three days 
until the fungi had germinated and hyphae had grown onto the TWA. At this time 5 
mm3 blocks of infected TWA were excised and transferred onto V8PDA plates. The re-
isolated fungal strains were then grown for 2 weeks at 20°C and monitored to ensure 
the correct phenotype was observable. 
2.5. Fungal growth (biomass) assays 
2.5.1. Solid media growth assays 
Plates with V8PDA or MM agar containing the carbon source of interest were 
inoculated with 10 µL of spores at a concentration of 1x106 spores/mL or from agar 
plugs for non-sporulating strains.  
Following two weeks growth at 20°C the plates were removed and the mycelia 
from each plate scraped using a #24 scalpel blade. The mycelia was transferred onto 
pre-weighed aluminium foil discs, loosely closed, and then dried in an oven at 80°C for 
3 days (complete dryness). The fungal biomass was then determined by re-weighing 
the samples. 
2.5.2. Liquid growth assays 
250 mL conical flasks containing 100 mL of sterile MM plus the carbon source of 
interest were inoculated with 100 µL of spores at a concentration of 1x106 spores/mL. 
The flasks were sealed with cotton wool and aluminium foil and incubated at 22°C, for 
3 days, with constant shaking at 140 rpm. 
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Following growth, the mycelia was transferred into two 50 mL centrifuge tubes, the 
tubes where centrifuged at 4000 x g for 15 minutes and the supernatant discarded. 
The mycelia pellet was transferred onto pre-weighed aluminium foil discs, loosely 
closed, and then dried in an oven at 80°C for 5 days, or until complete dryness. The 
fungal biomass was then determined by re-weighing the samples. 
2.6. General molecular methods 
2.6.1. Extraction of genomic DNA from S. nodorum 
Extraction of fungal genomic DNA (gDNA) was performed using a 
phenol/chloroform methodology. To a 2 mL micro-centrifuge tubes, 70 µL of glass 
beads were added. An equivalent volume of fungal mycelia from the strain of S. 
nodorum of interest was added to the tube. To this, 500 µL of TE buffered 
phenol/chloroform and 400 µL of lysis buffer were added. The tubes where sealed 
tightly and vortexed for 10 minutes at full speed on an IKA VXR Vibrax shaker. The 
tubes where then centrifuged for 15 minutes at 16000 x g and the aqueous phase 
transferred to a clean microcentrifuge tube containing 1 mL of 100% ethanol. The 
tubes where inverted several times to mix and then centrifuged for 15 minutes at 
16000 x g. The supernatant was discarded and the DNA pellet washed with 500 µL of 
70% ethanol. The 70% ethanol was aspirated via pipette and the remaining ethanol 
was allowed to evaporate before proceeding. The gDNA was then resuspended in 50 
µL of TE-RNase buffer and incubated for 10 minutes at 50°C to allow for the removal of 
RNA. 
2.6.2. Determination of DNA concentration 
DNA concentrations were assessed using a NanoDrop (Thermo Fisher Scientific 
Inc., USA). For quality assurance the ratios of Absorbance 260/280 and 230/260 were 
recorded.  
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2.6.3. PCR Amplification  
Synthesis of PCR products for the disruption of genes within S. nodorum, and 
screening of S. nodorum mutants was performed by polymerase chain reaction (PCR) 
using Takara reagents (©TAKARA BIO. INC., Japan) and a Bio-Rad (MJ Research) PTC-
200 DNA Engine Thermo Cycler (Bio-Rad, Australia).  
2.6.4. Agarose gel electrophoresis 
The approximate sizes of PCR products were confirmed by electrophoresis on 0.8% 
agarose gels in 1x TEA; 1kb DNA ladder (New England Biolabs, USA) served as a size 
marker. Separation was performed with a constant voltage (80 V). Gels were stained 
with either SybrSafe (Invitrogen, Australia) at a concentration of 1:10000 or 
RedSafe (Chembio, UK) at a concentration of 1:20000 and visualised on a Biorad 
GelDoc XR+ imager (Bio-Rad, Australia). When the product was to be extracted and 
purified, SybrSafe was used in conjunction with a Safe Imager blue light 
transilluminator (Invitrogen, Australia).  
2.6.5. PCR product purification  
PCR product purification was performed using the Wizard SV Gel and PCR clean-
up system (Promega, Australia). When insufficient PCR product was obtained from a 
single reaction, multiple PCR’s were combined and purified. Excised gel bands were 
kept below 300 mg in size or transferred to multiple tubes if larger volumes were 
acquired. An approximately equal volume to weight of extraction buffer was added to 
each tube and the tubes incubated on a heating block at 55°C until the agarose gel 
band had dissolved. Following dissolution the contents of the tube were allowed to 
cool briefly before being added to the top half of the spin column. The spin column 
was then centrifuged at 11000 x g for 5 minutes and the wash through was discarded. 
700 µL of wash solution was added to the top of the spin column and centrifuged for 4 
minutes at 11000 x g. The wash through was discarded once more and a subsequent 
500 µL of wash solution added to the spin columns. The spin columns were then 
centrifuged once more at 11000 x g for 2 minutes, the flow through was discarded and 
the spin columns centrifuged once more with the lid off the centrifuge for 2 minutes. 
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The spin columns were then transferred on top of clean 1.5 mL micro-centrifuge tubes 
and 50 µL of DNase free water was added to the spin column. The spin columns were 
then centrifuged at 11000 x g for 5 minutes, the columns were then discarded and the 
flow through kept for subsequent experimental work. 
2.7. Fungal transformation 
2.7.1. Preparation of S. nodorum protoplasts 
Transformation of S. nodorum was performed via polyethylene glycol (PEG) 
assisted protoplast transformation. Spores were collected from two week old V8PDA 
plates of SN15 diluted to a concentration of no less than 1x108 spores/mL. A 250 mL 
flask containing 100 mL of CzV8CS media was inoculated with 1 mL of the spores and 
the flask was incubated over night at 22°C with constant shaking at 140 rpm. The 
mycelium was harvested the following day, transferred to 50 mL Falcon tubes and 
centrifuged at 4000 x g for 5 minutes at 4°C. The supernatant was discarded and the 
mycelia re-suspended in 50 mL of Wash solution. The wash was repeated once more. 
The mycelia was then shaken vigorously in the Glucanex solution and transferred to a 
pre-warmed sterile glass petri dish at 28°C for 2 hours. Following digestion the fungal 
material was transferred to a 50 mL falcon tube and 5 mL of protoplast overlay 
solution was layered drop wise. The tube was carefully transferred to the centrifuge 
and centrifuged at 4000 x g for 15 minutes. The intact protoplasts localised at the 
interface of the two solutions and this interface was collected using a 1 mL pipette. An 
equal volume of 1 M Sorbitol solution was added to the protoplasts before being 
gently mixed by inversion before centrifugation at 1500 x g for 5 minutes. The 
supernatant was discarded and the protoplasts re-suspended in 3 mL of STC buffer, the 
protoplasts were gently agitated and centrifuged at 1500 x g for 5 minutes. The 
supernatant was again discarded and the protoplasts re-suspended in 0.5 mL of STC 
buffer and placed on ice. The concentration was determined by counting on a 
haemocytometer and the protoplasts diluted to a final concentration of 5 x108 
protoplasts /mL in STC buffer. 
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2.7.2. Transformation of S. nodorum protoplasts 
Aliquots of 100 µL of protoplasts, one per transformation and one control, were 
transferred into 1.5 mL micro-centrifuge tubes. Pre-prepared DNA constructs (3 µg in 
total) of the gene disrupt construct to be transformed was resuspended in a volume up 
to 125 µL in STC buffer. The protoplasts were then gently mixed with a P1000 pipette 
with a filter tip and incubated at room temperature for 15 minutes. A volume of STC 
buffer equivalent to that of the construct DNA transformation was added to the 
control protoplasts. 
200 L of PEG solution (60%) was added to the protoplasts which were then gently 
mixed by inversion. A further 200 L PEG solution (60%) was added and then a final 
800 L PEG solution (60%) with mixing by inversion and gentle agitation after each 
addition. The micro-centrifuge tubes were then incubated at room temperature for 20 
minutes. 
Protoplast transformation mix (300 µL) was transferred to pre-prepared 5 mL 
aliquots of top agar at 50°C in sterile 14 mL round bottom tubes. The top agar aliquots 
were then poured onto pre-poured plates containing 15 mL of CzV8 plates. The plates 
were then wrapped in aluminium foil and transferred to a growth room at 22°C. After 
48 hours the transformation plates were removed from the growth room and 5 mL of 
top agar containing hygromycin B, at a concentration of 1 mg/mL, was poured over the 
plates. The plates were again wrapped in aluminium foil and incubated at 22°C.  
2.7.3. Selection of knockout mutants 
After incubation at 22°C for seven to twelve days, transformants that grew through 
the top agar were subcultured onto V8PDA plates containing hygromycin B at a 
concentration of 200 µg/mL. Once the transformants grew sufficiently, mycelia was 
scraped for gDNA isolation and the mutants were screened using PCR primers 
designed to amplify the region of DNA targeted for deletion from outside the 
homologous insertion site. This allowed identification of correctly inserted selection 
markers, and also served as a negative control for transformants in which an ectopic 
insertion had occurred  
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2.8. Pathogenicity assays 
2.8.1. Whole plant spray 
Whole plant spray assays were used to determine the pathogenicity of fungal 
strains when spores could be collected.  
Pathogenicity was assessed by spraying six pots each containing ten, two week old, 
wheat seedlings (Grandin cultivar) with 50 mL of spores from the fungal strain of 
interest at a concentration of 1x106 spores/mL in 0.02% Tween20. The inoculated 
plants were then kept in the dark at high humidity for 48 hours inside sealed black 
plastic drums.  
Following incubation the plants were brought back into the normal glasshouse 
conditions. Assessment of the level of infection was performed seven days post 
inoculation. 
2.8.2. Detached leaf assay 
Detached leaf assays were performed to assess the ability of the fungal strain of 
interest to cause disease symptoms upon a susceptible host. The wheat cultivar 
Grandin, previously shown to be susceptible to S. nodorum was used for all 
experiments. The first true leaves from two week old wheat seedlings were excised 
using a scalpel, the leaf sections trimmed to give 5 cm sections that discarded a 2 cm 
region from the tip. The leaf sections were embedded into benzimidazole agar plates 
using a scalpel.  
Leaf sections were inoculated with the fungal strain of interest by either addition of 
5 µL of spores at a concentration of 1x106 spores/mL in 0.02% Tween20, or, for non-
sporulation strains, by placing 5 mm3 plugs of agar from the fungal strain of interest 
onto 5 µL droplets of 0.02% Tween20 on the central region of the leaf section. The 
benzimidazole plates were then wrapped in cling film and incubated at 22°C under 12 
hour cycled light/dark.  
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Assessment of the pathogenicity was determined based on area of infected tissue 
compared to controls of both the S. nodorum SN15 strain and negative controls 
inoculated with 0.02% Tween20. 
2.9. General Protein Assessment 
2.9.1. Protein extraction for proteomics 
Proteins were extracted from solid agar plates using a methodology modified from 
Tan, and successfully utilised by Casey (Casey et al., 2010; Tan, 2007). 
MM agar plates were inoculated with 5 µL of 1x106 spores, or in the case of the 
non-sporulating mutants, with mycelial material in suspension. Fungal strains were 
grown in the dark for 9 days post inoculation (pre-sporulation time point) or 13 days 
post inoculation (post-sporulation time point). At each of the time points, mycelia from 
the fungi were harvested by scraping of the plates with number 24 scalpel blades and 
collection in 15 mL Falcon tubes. The tubes were snap frozen in liquid nitrogen and 
then lyophilised in a LABCONCO Freezone 2.5 Plus (Labconoco Corp., USA) 
depressurised with a JLT-10 high vacuum pump (JAVAC Pty. Ltd., Australia).  
Following lyophilisation the dried mycelia was homogenised by mortar and pestle 
with an equal volume of glass beads (Ø106 µm) and 4 mL of 10 mM Tris-HCl (pH 7.6) 
containing 1 mM PMSF. The crude homogenate was transferred into 2 x 2mL micro-
centrifuge tubes and placed on ice. 
The crude homogenate was then transferred to an orbital mixer for 10 minutes at 
4°C. Following mixing, tubes were centrifuged at 16000 x g for 15 minutes at 4°C. The 
supernatant was collected into a 15 mL Falcon tube and the tubes containing the 
remaining crude homogenate were once more centrifuged at 16000 x g for 15 
minutes. Following centrifugation the supernatant was transferred to the 15 mL falcon 
tube and incubated with DNase (10 U) and RNase (10 U) for 1 hour at 25°C. Following 
DNase/RNase treatment the sample was transferred to 2 mL micro-centrifuge tubes 
and frozen at -80°C. 
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2.9.2. Protein extraction for enzyme activity determination 
Spores were collected from the S. nodorum strains of interest following the 
procedure (Chapter 2, section 2.4.3). Replicate 250 mL flasks each containing 100 mL 
of sterile MM with either sucrose of mannitol as the sole carbon source, at a 
concentration of 30 g/L, were inoculated with the spores from the strain of interest at 
a concentration of 1 x107 spores/mL. The flasks were then incubated in the dark at 
20°C with shaking at 140 rpm for three days.  
Following growth of the fungi the contents of each flask were divided into two 50 
mL centrifuge tubes and centrifuged at 3000 x g for 10 minutes, the supernatant was 
discarded and the mycelia washed with 50 mL of Tris buffer (50 mM Tris-HCl, pH 7.5). 
The mycelia were re-centrifuged at 3500 x g for a further 10 minutes and the 
supernatants were discarded. The mycelia pellets were then frozen in liquid nitrogen 
and then freeze dried overnight. 
Following lyophilisation the dried mycelia were homogenised in an ice cold mortar 
and pestle and re-suspended in 2 mL of Tris buffer (50 mM Tris-HCl, pH 7.5). The 
homogenised mycelia was then transferred into 2 mL microcentrifuge tubes and 
centrifuged at 20000 x g for 15 minutes. The supernatant was collected into a clean 
microcentrifuge tube, re-labelled as crude protein extract, and stored on ice. 
Protein concentration determination (Bradford assay), and enzyme activity assays 
were performed on the crude protein extracts soon as possible following protein 
extraction.  
2.9.3. Protein concentration assay (Bradford assay) 
Protein concentration determinations were carried out within 96 well clear bottom 
plates using the Bradford protein assay kit (Bio-Rad, Australia). Briefly, 300 µL protein 
standards were prepared at concentrations 0, 0.02, 0.04, 0.06, 0.08 and 0.1 µg/µL of 
bovine serum albumin in Milli-Q water. Protein samples, 300 µL each, were prepared 
as diluted samples at ratios of 1:5, 1:20, and 1:50 in Milli-Q water. Samples and 
standards were dispensed in triplicate, 80 µL per well into a 96 well clear flat bottom 
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plate. The samples were acidified by the addition of 10 µL of 1 M hydrochloric acid to 
each sample and mixed briefly. 20 µL of undiluted Bradford reagent was added to each 
well, the plate mixed thoroughly on an orbital shaker and then incubated at room 
temperature in the dark for between 15-30 minutes. The absorbance of each well was 
then read at 595nm on a Fluorostar Ultima (BMG, Germany). Protein concentration 
were recorded in µg/µL and determined by calculating against the linear section of the 
protein concentration curve.  
2.9.4. Enzyme assays for mannitol metabolism 
Paired quartz cuvettes were used for all spectrophotometric assays. And all 
readings were performed in triplicate using a Cary300 UV-Vis spectrophotometer 
(Agilent, Australia). The oxidation of NADH/NADPH was measured at 340 nm to 
determine activity in terms of U/mg of protein. One unit of activity was defined as the 
amount of enzyme required to oxidise 1 µmole of NADH/NADPH in 1 minute at 30°C. 
2.9.4.1. Mannitol-1-phosphate dehydrogenase activity  
Mannitol-1-phosphate dehydrogenase enzymatic activity was performed by 
monitoring the oxidation of NADH at 340 nm. The reaction contained 0.25 mM NADH, 
2 µM fructose-6-phosphate and 50 µL of crude enzyme extract in a volume made up to 
1 mL with 50 mM Tris-HCl (pH 7.5).  
The reaction components were allowed to equilibrate before the substrate, 
fructose-6-phosphate, was added to initiate the reaction. 
2.9.4.2. Mannitol dehydrogenase activity  
Mannitol dehydrogenase enzymatic activity was performed by monitoring the 
oxidation of NADPH at 340 nm. The reaction contained 0.25 mM NADPH, 0.8 M 
fructose and 50 µL of crude enzyme extract in a volume made up to 1 mL with 50 mM 
Tris-HCl (pH 7.5).  
The reaction components were allowed to equilibrate before the substrate, 
fructose, was added to initiate the reaction. 
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2.10. Statistical Assessment 
Basic statistical analyses were performed using the Students t-test function 
available in Microsoft Excel 2007. Error bars have been calculated as standard error of 
the means. Statistical assessment of the proteomics section (Chapter 3) was 
performed using the in-built statistical functions of the proteomics software 
(ProteinPilot 2.0.1 software package utilising the Paragon algorithm (Applied 
Biosystems, CA)). Statistical assessment of metabolomics section (Chapter 5) was 
performed using The Unscrambler (version 10.0, CAMO ASA, Oslo, Norway) and JMP 
8.0.1 statistical package (SAS Institute Inc., Cary, NC, USA). 
  
67 
 
Chapter 3 
Proteomic Analysis of Sporulation 
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3. Proteomic Analysis of Sporulation 
3.1. Introduction 
3.1.1. Asexual sporulation and the pathogenicity of S. nodorum 
Sporulation is a key pathogenicity factor for S. nodorum. The development and 
subsequent maturation of asexual spores, and the pycnidia in which they are formed, 
is a vital step in the infection process of S. nodorum on wheat. Through multiple cycles 
of asexual sporulation, combined with infection and re-infection, the pathogen is able 
to accumulate to a level capable of inflicting substantial damage to the grain, whilst 
also disrupting the photosynthetic ability of the plant (Solomon et al., 2006b) . 
Previous studies into the asexual development of S. nodorum have resulted in the 
construction of several mutants lacking specific genes which were found to be required 
for the production of early developmental structures, pycnidia, and viable spores. The 
process of sporulation initially requires the formation of mycelial knots, which 
subsequently differentiate to produce mature pycnidia. In this study three previously 
characterised S. nodorum strains lacking the genes stuA, sch1, and mpd1, have been 
utilised (IpCho et al., 2010; Solomon et al., 2005a; Tan et al., 2008). StuA is a 
transcription regulator that contains a conserved APSES domain similar to those found 
in ascomycetes and regulates developmental differentiation. Mutants of S. nodorum 
lacking StuA have an altered carbon metabolism, and under in vitro conditions are 
unable to differentiate to form mycelia knots. They grow significantly slower than the 
wild type, however even if left to grow for an extended period of time they will not 
differentiate to produce the mycelial knots or pycnidia required for sporulation. The 
second knockout mutant lacks the gene encoding the short chain dehydrogenase 
protein, Sch1 (Tan et al., 2008). This mutant develops the mycelial knots present in 
wild type S. nodorum, but is unable to produce viable pycnidial structures required for 
spore formation. The third knockout mutant lacks the gene for the production of a 
mannitol-1-phosphate dehydrogenase protein (Mpd1) which catalyses the reaction of 
fructose-6-phosphate to mannitol-1-phosphate in the presence of NAD+ (Solomon et 
al., 2005a). Previous work has shown that when S. nodorum lacking Mpd1 is grown in 
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the absence of mannitol, pycnidia form but the structures are unable to produce viable 
spores, furthermore the pycnidia have severe deformations in the outer structure, 
indicating that the metabolism of mannitol within the pycnidia is a key aspect to the 
structural development of the pycnidia. The combination of three mutants, disrupted 
at distinct phenotypic points in the development of asexual sporulation, provides a 
powerful resource to further dissect asexual reproduction in S. nodorum.  
3.1.2. Proteomics 
As mentioned in the introductory chapter, fungal plant pathogens have, due to 
their importance in food security, warranted a considerable amount of research focus. 
However, of the all proteomic studies on these important pathogens, only two studies 
have utilised the iTRAQ labelling system (Casey et al., 2010; Taylor et al., 2008). 
Many of the advances that have been made in the analysis of the highly complex 
protein samples can be attributed firstly to the advances in methodologies that have 
allowed better separation of components and secondly to the instruments which have, 
through increases in technology, increased in sensitivity, resolution, and data capture 
speed, allowed the limit of accurate mass detection to be extended whilst analysing a 
greater number of components within a shorter period of time (Yarmush and 
Jayaraman, 2002; Ye et al., 2007). 
Proteomics is performed via one of two workflows, either top down, or bottom up. 
Top down proteomics is performed by separation and analysis of the proteins at the 
intact protein level, whereas bottom up proteomics subjects the proteins to protease 
digestion to produce a complex mixture of peptides that are then separated via 
chromatographic methodologies and identified via mass spectrometry. The latter 
technique is by far the most commonly utilised technique due to the inherent 
advantages regarding chromatographic separation of peptides and the more accurate 
and sensitive mass spectrometric detection.  
High resolution separation of proteins has for a long time been performed through 
the use of multiple dimensions of gel electrophoresis, and this is evident by the 
number of proteomic papers that have been published. However as HPLC, and more 
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recently UHPLC, technologies have increased in sophistication the ability to deliver 
lower flow volumes at higher and more uniform pressures has led to a dramatic 
improvement in chromatographic separation capabilities. 
The coupling of orthogonal chromatographic methodologies is vital for resolving, 
and subsequently identifying, proteins within a sample. As technologies have 
advanced, the successes of proteomic analyses, in terms of proteins identified, have 
increased dramatically. This can be seen by looking at the number of proteins that are 
identified from complex samples in recent experiments compared to those of ten years 
ago (Ebbole et al., 2004; Treitz et al., 2015; Watanabe et al., 2005). Once the proteins 
or peptides have been adequately separated an accurate determination of their 
masses can be performed via mass spectrometry. Mass spectrometers have 
substantially increased in levels of sensitivity, speed and mass accuracy over the past 
50 years. From the initial studies to determine the mass of derivatised amino acids by 
Carl Ove Anderson in the late 1950’s (Anderson and Albright, 1958), to the landmark 
development of MALDI ionisation for proteins and peptides by Hillenkamp and Karas 
(Karas and Hillenkamp, 1988), and, independently but simultaneously, Tanaka (Tanaka 
et al., 1988) in the late 1980’s, researchers are now able to perform accurate mass 
analysis on tens to hundreds of peptides, and their fragmentation products, per 
second. The rapid development of mass spectrometers has increased further in the 
past decade and there is now a large selection of mass spectrometers available, each 
with specific advantages towards various applications (Hofius et al., 2007).  
Shotgun proteomics is performed using the bottom up philosophy and typically 
requires two complementary dimensions of chromatography to separate the highly 
complex peptide mixture. Following separation, the peptides are ionised and the 
masses of all detectable peptides determined via mass spectrometry (MS). In addition, 
complementary fragmentation information for the peptides can then be determined 
via tandem MS (MS/MS). The detected masses are then mapped against an in silico 
database containing the calculated masses for all the predicted protein sequences 
from the organism, or organisms, of interest. Due to the complexity of proteins and 
the many possible modifications they can acquire, both post-translationally and as a 
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result of sample preparation, search algorithms require significant computer 
processing power to accurately identify the highest number of proteins possible. This 
has been helped greatly through Moore’s law, as well as the development of search 
tools such as Mascot (Matrix Science Ltd, London). In order to provide comparative 
information on multiple proteins across multiple samples a number of methodologies 
have been developed, one such technology is iTRAQ (Ross et al., 2004; Thompson et 
al., 2003). 
3.1.3. The iTRAQ labelling system 
Isobaric Tags for Relative and Absolute Quantification (iTRAQ) labelling is a 
technology, developed by Applied Biosystems (Ross et al., 2004), that allows 
multiplexed analysis of up to eight samples for the determination of relative protein 
abundance changes. The iTRAQ labels consists of three distinct chemical regions, an 
amine specific reactive group, a mass balance group, and a series of reporter mass 
groups that fit within an otherwise unoccupied region of the mass spectrum. The 
reporter group of the tags range between 113 and 121 Da, excluding 120 Da which is 
occupied by the immonium ion from phenylalanine fragmentation. The chemistry of 
the tags has been specifically designed to allow a high degree of reactivity with 
peptides generated via trypsin digestion. Tryptic peptides typically contain an N-
terminal arginine or lysine residue and, due to the high specificity of the amine 
reactive group, will readily form covalent bonds. Once the tags have been covalently 
attached to the peptides, the samples can be pooled, and due to their isobaric nature 
(identical masses, due to the balanced additions of C13 and N15 into the reporter and 
balance groups), identical peptides from different treatments will co-elute during 
downstream chromatographic separations. Once separated, the peptides can then be 
identified via mass spectrometry; with the caveat that each peptide is increased in 
mass by 305 Da. Upon MS/MS fragmentation, the higher energy utilised causes the 
various reporter ions to fragment from the mass balance group. This allows the 
relative abundance of each peptide to be assigned across the different sample 
treatments and if enough peptides are identified, protein abundance ratios can be 
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calculated. Additionally, the iTRAQ labels increase the ionisation efficiency of peptides, 
which can result in increased detection in the mass analyser. 
A number of fungal species have been investigated using the iTRAQ system (Adav 
et al., 2012a; Adav et al., 2012b; Chiapello et al., 2010; Corvey et al., 2005; Lippert et 
al., 2009; Manavalan et al., 2011; Manteca et al., 2010; Marsh et al., 2010; Pham et al., 
2006) However, this handful of studies pales in comparison to the more than eight 
hundred studies that have utilised the iTRAQ system in other biological systems. 
Furthermore only two studies have exploited the iTRAQ methodology to dissect fungal 
plant pathogens (Casey et al., 2010; Taylor et al., 2008). 
The aim of this chapter was to identify proteins that are differentially abundant 
both across sporulation as well as between the various strains as these represent 
possible targets for further investigation. To achieve this, a series of previously 
characterised S .nodorum mutants, which are disrupted at different stages of asexual 
sporulation, were assessed at two time points using 8-plex iTRAQ peptide labelling in 
combination with two dimensional liquid chromatography (2D-LC) separation coupled 
to off line MALDI-TOF/TOF MS.  
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3.2. Materials and Methods 
3.2.1. Fungal strains 
The S. nodorum strains SN15, stuA, sch1, and mpd1 were used within this chapter. 
The strains were maintained on selective media as required and described in the 
Materials and methods chapter, section 2.2. 
3.2.2. Materials 
All chemicals used within the proteomics analysis were purchased from SIGMA 
Aldrich unless otherwise specified and were of analytical grade or higher. Milli-Q water 
was used in the preparation of all solutions and buffers. 
Tris-HCl 
Acid washed glass beads 
Triethylammonium bicarbonate (TEAB) buffer: 500 mM in water. 
Sodium dodecyl sulphate (SDS): 2% (w/v) SDS in water.  
Tris(2-carboxyethyl)phosphine (TCEP): 50 mM in water. 
Methyl methanethiosulfonate (MMTS): 200 mM, pH 9.4.  
iTRAQ® Reagent-8Plex Multiplex Kit. (AB Sciex, Mt Waverley, VIC, Australia) 
HPLC-grade isopropanol. 
HPLC-grade methanol. 
HPLC-grade acetonitrile. 
SCX buffer A: 10 mM KH2PO4, 10% (v/v) acetonitrile in water at pH 3.0. 
SCX buffer B: 10 mM KH2PO4, 1 M KCl, 10% (v/v) acetonitrile in water at pH 3.0.  
RP buffer A: 2% (v/v) acetonitrile in water with 0.1% (v/v) formic acid. 
RP buffer B: 100% (v/v) acetonitrile with 0.1% (v/v) formic acid. 
Loading buffer: 2% (v/v) acetonitrile, 0.05% (v/v) trifluoroacetic acid in water. 
Matrix solution: 5 mg/mL α-cyano-4-hydroxycinnamic acid, 10 mM ammonium citrate, 
80% (v/v) acetonitrile, 0.1% (v/v) trifluoroacetic acid, 0.1 µL/mL Calibration mixture 1 
(AB Sciex, Mt Waverley, VIC, Australia). 
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3.2.3. Methods for iTRAQ sample preparation and analysis 
3.2.3.1. Experimental design for iTRAQ labelling 8-plex 
reaction 
Three separate experiments (biological replicates) were performed in which each 
of the four strains was assessed at both the pre- and post-sporulation time points 
(days 9 and 13 respectively). Each sample was chemically modified with one of the 
eight iTRAQ labels as denoted (Table 3.1).  
Table 3.1 Experimental design for iTRAQ labelling of samples. 
Tag Experiment 1 Experiment 2 Experiment 3 
113 Pre SN15 Pre SN15 Pre SN15 
114 Post SN15 Post SN15 Post SN15 
115 Pre sch1 Pre sch1 Pre sch1 
116 Post sch1 Post sch1 Post sch1 
117  Pre mpd1 Pre mpd1 Pre mpd1 
118 Post mpd1 Post mpd1 Post mpd1 
119 Pre stuA Pre stuA Pre stuA 
121 Post stuA Post stuA Post stuA 
3.2.3.2. Extraction of soluble proteins from S. nodorum 
Proteins were extracted using the previously described method (Casey et al., 2010), 
with minor modifications as described in the previous chapter (Chapter 2.9.1). Samples 
were stored at -80°C until required. 
3.2.3.3. Bradford assay for protein determination 
Protein determination was performed using the Bradford reagent as described in 
the previous chapter (Chapter 2.9.3).  
3.2.3.4. Reduction alkylation and digestion of proteins 
Following protein concentration determination 500 µg of total protein from each 
sample was precipitated overnight in six volumes of ice cold acetone. The proteins 
were centrifuged at 16000 x g for 5 minutes and the acetone removed. The tubes were 
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pulse spun and any remaining acetone was removed. The proteins were quickly 
resuspended in a solution of 500 mM triethylammonium bicarbonate (TEAB) buffer 
and 2% sodium dodecyl sulphate (SDS). The proteins were reduced by the addition of 
10 µL of 50 mM tris(2-carboxyethyl)phosphine, before the samples were vortexed for 
30 seconds then pulse centrifuged at 2000 x g for 5 seconds at 20°C. The samples were 
then incubated at 60°C for 1 hour. Cysteine residues within the proteins were alkylated 
by the addition of 5 µL of 200 mM methyl methanethiosulfonate, samples were 
vortexed to mix and pulse centrifuged at 2000 x g for 5 seconds at 20°C. Following 
reduction and alkylation, the samples were incubated for 10 minutes at 20°C and then 
centrifuged at 10000 x g for 10 minutes at 20°C to remove any insoluble material. The 
supernatants were transferred into clean 1.5 mL microcentrifuge tubes and the protein 
concentration was once more determined. Following the protein concentration assay, 
35 µg of protein from each sample was added to new tubes. Lyophilized trypsin was 
resuspended in water at a concentration of 1 µg/µL, and 3.5 µL of this solution was 
added to each sample tube to produce a 1:10 ratio of trypsin to protein. The tubes 
were wrapped in aluminium foil, inverted, and incubated at 37°C overnight. 
3.2.3.5. iTRAQ labelling of peptides 
The eight digested protein (peptide) samples were evaporated to dryness in an 
Eppendorf Concentrator 5301 (Eppendorf, USA) before being resuspended in 30 µL of 
TEAB buffer. The eight individual iTRAQ tags were resuspended in 70 µL of isopropyl 
alcohol. The iTRAQ labels were paired with individual samples and the contents of 
each individual iTRAQ reagent tube was added to the respective peptide sample tube. 
The eight tubes were then vortexed briefly and pulse centrifuged before being 
incubated at room temperature for 2 hours. Following incubation the reaction was 
quenched by the addition of 900 µL of water to each tube. The contents of each tube 
were pooled and the combined iTRAQ peptide sample was desalted via solid phase 
extraction. 
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3.2.3.6. Solid phase extraction (SPE) of labelled peptides 
iTRAQ pooled peptide samples were washed on Strata-X 33 µm Polymeric reverse 
phase 10 mg/mL columns (Phenomenex, Torrance, CA, USA). The column was first 
conditioned with 2 mL of 100% methanol, followed by 2 mL of 100% acetonitrile. The 
column was then washed with 2 mL of water. The pooled sample (8 mL) was then 
loaded and washed though with 2 mL of water. The loaded protein sample was then 
eluted with 500 µL of 80% acetonitrile with 0.1% formic acid in water. The eluted 
peptides were dried down in an Eppendorf Concentrator until the elution buffer was 
removed and the dried peptide pellets stored at -20°C. 
3.2.3.7. Two dimensional liquid chromatography 
Chromatographic separations were performed using parameters previously 
optimised for the separation of S. nodorum peptides (Bringans et al., 2009; Casey et al., 
2010).  
The first dimension of separation that the labelled peptide samples were subjected 
to was strong cation exchange (SCX) on an Agilent 1200 series analytical HPLC (Agilent, 
Australia). The labelled peptide samples (280 µg of total labelled protein) were 
resuspended in 80 µL of 10 mM KH2PO4, 10% (v/v) acetonitrile in water at pH 3.0 (SCX 
buffer A). The entire sample was loaded onto a 5 micron 300 Å 4.6 x 100 mm 
polysulfoethyl column (The Nest Group, USA). Fractionation of the sample was 
performed over an increasing gradient of 10 mM KH2PO4, 1 M KCl, 10% (v/v) 
acetonitrile in water at pH 3.0 (SCX buffer B) and 1 mL fractions were collected from 
the 40 minute chromatographic separations. The separation of the peptides was 
monitored by measuring the absorbance at 214 nm. Based on this information the SCX 
peptide fractions were combined into eight, approximately equal, pooled fractions 
(based on area under the peak peptide concentration estimates). The pooled fractions 
were then desalted via SPE Strata-X as previously described and the peptide fractions 
evaporated to dryness in an Eppendorf Concentrator in preparation for reverse phase 
(RP) liquid chromatography. 
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RP liquid chromatography was the second dimension of separation performed. 
Fractionation was performed on a Dionex UltiMate™ U3000 uHPLC (Thermo Scientific, 
Australia) attached online to a ProbotMALDI plate spotter (Thermo Scientific, 
Australia). The eight pooled SCX fractions were individually resuspended in 20 µL of 2% 
(v/v) acetonitrile, 0.05% (v/v) trifluoroacetic acid in water (RP loading buffer) and 
subsequent dilutions of between 1:10 to 1:20 were made in a volume up to 11 µL. 
From this 10 µL of sample was injected onto an AcclaimPepMap100C18 column (3 
µm, 100 Å, 75 µm x 15 cm). The fractionated samples were separated via an increasing 
gradient of 100% (v/v) acetonitrile with 0.1% (v/v) formic acid (RP buffer B) against 2% 
(v/v) acetonitrile in water with 0.1% (v/v) formic acid (RP buffer A) at a flow rate of 300 
nL/min over 90 minutes. The resolved peptides were monitored via absorbance at 214 
nm. The eluting peptides were mixed 1:1 with matrix solution (5 mg/mL α-cyano-4-
hydroxycinnamic acid, 10 mM ammonium citrate, 80% (v/v) acetonitrile, 0.1% (v/v) 
trifluoroacetic acid, 0.1 µL/mL Calibration mixture 1 (AB Sciex, Mt Waverley, VIC, 
Australia)) and spotted directly onto Opti-TOFplates resulting in a total of 180 spots 
per fraction. 
Mass analysis was performed on an ABSciex 4800 MALDI TOF/TOF™ mass 
spectrometer. Opti-TOF plates with 180 sample spots per fraction were then 
manually spotted with ABSciex calibration mixture 1 onto the 13 calibration wells. The 
plates were allowed to dry then loaded into the mass spectrometer. Calibration and 
tuning of the mass spectrometer was carried out to ensure resolution of the identified 
peptides was adequate. The plates were then run using a pre-determined 
methodology within the mass spectrometer software which utilised a detection of 
peptides based on 4000 laser pulsed shots at approximately 4000 V. The top 20 peaks 
were then transferred to a list for each spot and subsequent MS/MS analysis was 
performed using this list at a higher laser energy of 5000 V. 
3.2.4. Software 
SCX and RP HPLC fractionations were performed using the Chromeleon 6 software 
package. Analysis and computation of the iTRAQ results were analysed using the 
ProteinPilot 2.0.1 software package utilising the Paragon algorithm (Applied 
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Biosystems, CA). Fungal proteins were assessed against the previously constructed S. 
nodorum SN15 translated proteins database. 
3.2.5. Bioinformatics software 
A range of analyses were performed upon the data output from ProteinPilot, for 
the general manipulation of data sets Microsoft Excel 2007 was used. Proteins were 
annotated against the S. nodorum SN15 protein fasta database (23 June 2008). For 
proteins identified as differentially abundant assessment of gene ontology (GO) was 
performed using the tools provided by the Mississippi State University AgBase 
(http://www.agbase.msstate.edu/cgi-bin/tools/index.cgi).  
Briefly, the GO annotation pipeline followed the following scheme, protein 
sequences for the identified proteins were analysed via GORetriever to obtain the GO 
annotations, those proteins without GO annotations the sequences were run though 
BLAST and manually curated to determine the most likely possible GO term. Those 
sequences with no orthologs, or no GO annotations were excluded from the data. 
Sequences with GO annotation terms were run through the GOanna2ga software and 
the data visualised though the GOSlimViewer software (Figure 3.1). 
79 
 
 
Figure 3.1 Gene ontology determination workflow based upon the AgBase workflow. 
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3.3. Results 
3.3.1. Characterisation of growth and development of S. nodorum 
strains (SN15, mpd1, sch1, and stuA) 
Growth and development of the S. nodorum SN15 strain on MM plus sucrose agar 
plates was monitored daily for three weeks in order to determine the optimal time 
points for sample collection. Two time points for protein extraction were sought, one 
pre and one post sporulation. Images depicting the radial growth were taken every 
second day, while sacrificial plates were used to assess the developmental stage of the 
fungi with samples scrapped and analysed via microscope ever second day (Figure 3.2 
& 3.3). 
The initiation of asexual sporulation presented as a visible phenotype after 9 days 
growth post inoculation, with the first mycelial knots observed within the wildtype. 
The formation of pycnidia quickly followed, with a significant number of pycnidia and 
spores visible after 13 days.  
Undifferentiated mycelial are observable under the microscope as near 
homogenous filamentous structures with little or no secondary fungal structures 
observable. The first signs of differentiation are observed as mycelial knots, in which 
the mycelial can be observed to form “nest-like” mycelial structures in which a high 
density of mycelial strands come together. The later stages of differentiation are the 
increased density of the knot structures, with the subsequent melanisation and 
differentiation into the pycnidial bodies. 
The growth characteristics of the SN15, mpd1, sch1, and stuA strains under the 
conditions used for this experiment corroborated previously reported phenotypic 
characterisation of these mutants (IpCho et al., 2010; Solomon et al., 2005a; Tan et al., 
2008). None of the strains showed visible signs of mycelial differentiation at 9 days 
post inoculation. During the subsequent days developmental changes were visible 
within the mpd1 and sch1 strains, while the stuA strain remained as undifferentiated 
mycelia. 
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The stuA strain appeared as mycelia at both nine days and thirteen days post 
inoculation. No visible signs of differentiation developed within the cultures which 
were reduced in growth compared to the wildtype and other mutant strains. Growth 
of the stuA strain on MM was highly filamentous, with distinct hyphae extending from 
the centre of the plate. 
The sch1 strain showed no visible signs of differentiation nine days post 
inoculation, but by thirteen days the presence of mycelial knots was apparent upon 
the plates, as the sch1 mutant cannot differentiate to form pycnidia this represented 
the final stage of development for this mutant. Growth of the sch1 strains on MM 
produced a white dense mycelial mass that expanded out from the centre of the plate 
in a uniform manner akin to the wildtype, however the radial growth was slower than 
that of the wildtype and there was a noticeable absence of pycnidia, observable as 
dark brown to black dots upon the plate. 
The mpd1 strain had a phenotype very similar to that of the wildtype, at nine days 
post inoculation. At day thirteen post inoculation, the mpd1 mutants also appeared 
very similar to that of the wildtype, with pycnidia present on the plates. However, the 
ruptured pycnidia of the SN15 wildtype strain released spores that were visible under 
the light microscope whilst nearly no spores were apparent for the mpd1 strains. The 
growth of the mpd1 strain on MM was equivalent to the wildtype, however the 
mycelia was phenotypically different and formed a less dense mycelial covering that 
was more filamentous in nature. 
From these growth analyses, the pre and post sporulation time points were 
chosen. Nine days post inoculation was chosen as a point before developmental 
changes were visible, and thirteen days post inoculation as the point at which 
differentiation had occurred. These two time points were then used for the proteomics 
analysis with representative images taken at the time points for all the mutants, 
images of the entire plates, and the mycelia were taken. (Figure 3.4 & 3.5) 
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Figure 3.2 Macroscopic observation of growth of S. nodorum wildtype strain SN15 grown on 
MM agar. Representative images from triplicate experiments. 
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Figure 3.3 Microscopic observation of S. nodorum wildtype SN15 strain grown on MM agar. 
Representative images from triplicate experiments. 
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Figure 3.4 Microscopic observation of development in the SN15 strain compared to the mpd1, 
sch1, and stuA strains at 9 and 13 dpi. Representative images from triplicate experiments.  
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Figure 3.5 Macroscopic observation of development in the SN15 strain compared to the mpd1, 
sch1, and stuA strains at 9 and 13 dpi. Representative images from triplicate experiments. 
  
86 
 
3.3.2. Liquid chromatography of peptides 
Representative spectra from the first dimension strong cation exchange analytical 
HPLC (Figure 3.6), showing the UV trace (λ=214 nm) for the detection of peptides. 
Fractions from each first dimension separation were collected in 1 minute fractions 
and pooled (based on an estimation of area under the curve). Desalted pooled 
fractions were separated across a nanoHPLC RP second dimension, a representative 
spectra showing the UV trace (λ=214 nM) for a single pooled fraction is shown (Figure 
3.7).  
 
Figure 3.6 Representative spectra of analytical HPLC SCX separation of peptides (λ=214 nM) 
and the eight fractions that were assigned based on relative peak area 
 
Figure 3.7 Representative spectra of the nanoHPLC RP separation of peptides (λ=214 nm). 
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3.3.3. Proteins identified within this study 
A total of 741 unique proteins were identified across this study. Experiment 2 
produced the highest number of identifications with 616 proteins, while experiment 1 
and 3 produced 419 and 321, respectively. A total of 215 proteins were shared across 
all three experiments. 
 
Figure 3.8 Total identified proteins from iTRAQ experiments in the three experiments and the 
overlap in identified proteins between the experiments 1, 2 and 3 (BR1, BR2, and BR3, 
respectively) 
3.3.4. Abundance changes 
Assessment of protein abundance changes in the wildtype SN15 strain and the 
three mutant strains of S. nodorum required strict parameters to ensure the validity of 
the results produced. The 741 unique proteins identified across the three experiments 
using ProteinPilot were identified with a cut-off for unused protein score 1.3, 
corresponding to a 95% confidence interval. For the identified proteins to be 
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considered as significantly changed in abundance they were required to have an Error 
factor< 2 (Error factor is defined as the 95% confidence interval (CI) in log space), 
contain at least two unique high quality peptides (CI <90%), and have statistically 
different protein abundance ratios in at least two of the three biological replicates, as 
determined using the Paragon algorithm. 
Those proteins that met the above criteria with a ratio less than 0.8 were classed as 
lower in abundance while those with a ratio greater than 1.2 were classed as increased 
in abundance. A table containing data for the differentially abundant proteins across 
the three experiments is presented in the Appendix 3.1. 
Across sporulation and between strain analyses of protein abundances identified a 
total of 51 proteins that met the requirements for being differentially abundant. The 
various permeations that arise from an 8-plex experiment allowed for a number of 
comparisons to be performed. For each direct comparison the denominator was set to 
the appropriate treatment and ratios were calculated against this. The identified 
protein is listed and fold changes are reported against the denominator with calculated 
standard errors. 
3.3.4.1. SN15 regulated proteins 
A surprisingly small number of proteins were observed to be significantly 
differentially regulated between the pre and post S. nodorum SN15 strain. With only 
the hypothetical protein SNOG_11329 observed to increase in abundance, while the 
abundances of three proteins, malate dehydrogenase, malate synthase and an alcohol 
dehydrogenase, were all significantly decreased. (Table 3.2) 
Table 3.2 Differentially abundant proteins within the SN15 strain 
Sn15 post vs. pre   Fold Change 
SNOG_11329 Hypothetical protein 2.71 ± 1.26 
SNOG_05974 Malate dehydrogenase 0.74 ± 0.02 
SNOG_08675 Alcohol dehydrogenase, class V / Mannitol-1phosphate DH 0.62 ± 0.07 
SNOG_07548 Malate synthase 0.17 ± 0.17 
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3.3.4.2. mpd1 regulated proteins 
Within the mpd1 mutants six proteins were observed to increase significantly 
between day 9 and day 13, with the largest increases in abundance relating to a 
nitroreductase family protein and a single-stranded TG1-3 binding protein (Table 3.3). 
Also significantly increased in abundance at day 13 were the proteins fumarase, 
HSP70, adenylate kinase and Glyceraldehyde-3-phosphate dehydrogenase. Methionine 
synthase and a UVI-1/UVI-1H protein were observed to be significantly lower in 
abundance at the later time point. 
Analysis of the pre SN15 vs. pre mpd1 strain revealed a large number of proteins 
significantly altered in abundance, with ten proteins higher within the mpd1 strains 
and eight lower in abundance. The two proteins found to be increased in relative 
abundance to the highest extent were a hypothetical protein (SNOG_01958) 
containing a chordin (CHRD) superfamily domain and a putative protein 
(SNOG_08052). Eight other proteins increased including a nitroreductase, two heat 
shock proteins (HSP70 and HSP90), an NAD+-dependent formate dehydrogenase, a 
transaldolase, a short chain dehydrogenase, 6-phosphogluconate dehydrogenase, and 
an IgE-binding protein. Of the proteins lower in abundance within the mpd1 mutants 
compared to wildtype, three isomerase proteins were significantly lower, with a 
peptidyl-prolylcis-trans isomerase, an FKBP-type peptidyl-prolyl isomerase (PPIase), 
and a classical disulfide isomerase all decreased. Along with these proteins, nucleoside 
diphosphate kinase, mitochondrial peroxiredoxin, acetylglucosaminyl transferase, 
histone 2A and mannitol-1-phosphate dehydrogenase were all significantly lower, by 
between 1.5- to 2-fold.  
Analysis of the post SN15 vs. post mpd1 strain revealed that fewer proteins were 
differentially abundant for this interaction, with five proteins increased in abundance 
and two decreased in mpd1 compared to SN15. The more abundant proteins in mpd1 
were the putative protein SNOG_08052, a nitro reductase, a short chain 
dehydrogenase, an NAD+-dependent formate dehydrogenase, and a malate 
dehydrogenase. Only two proteins were significantly lower in abundance in mpd1, a 
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ribosomal protein, and mannitol-1-phosphate dehydrogenase, which was expected to 
be absent from these samples. 
Table 3.3 Differentially abundant proteins within the mpd1strain 
mpd1 post vs. pre   Fold Change 
SNOG_09590 Nitro reductase family protein 2.18 ± 0.10 
SNOG_13743 Single-stranded TG1-3 binding protein 2.18 ± 0.22 
SNOG_04404 Heat shock protein 70 1.48 ± 0.07 
SNOG_04712 Fumarase 1.44 ± 0.24 
SNOG_01479 Adenylate kinase (ATP-AMP transphosphorylase) 1.36 ± 0.11 
SNOG_01278 GAPDH 1.35 ± 0.13 
SNOG_04804 Cobalamin-independent methionine synthase 0.68 ± 0.05 
SNOG_10026 UVI-1 Bipolaris oryzae,UVI-1h Leptosphaeria maculans 0.45 ± 0.02 
 
pre mpd1 vs. pre 
SN15   Fold Change 
SNOG_01958 Hypothetical protein; CHRD superfamily protein 3.45 ± 1.00 
SNOG_08052 Putative protein 2.51 ± 0.08 
SNOG_09590 Nitro reductase family protein 1.96 ± 0.24 
SNOG_00877 Heat shock protein 90 1.87 ± 0.17 
SNOG_01163 NAD-dependent formate dehydrogenase 1.62 ± 0.13 
SNOG_13042 Short chain dehydrogenase 1.61 ± 0.12 
SNOG_09682 Transaldolase 1.56 ± 0.35 
SNOG_15879 6-Phosphogluconate dehydrogenase 1.54 ± 0.03 
SNOG_03054 IgE-binding protein 1.33 ± 0.09 
SNOG_14322 Heat shock protein 70 1.29 ± 0.08 
SNOG_12712 Peptidyl-prolylcis-trans isomerase (PPIase)(cyclophilin) 0.79 ± 0.01 
SNOG_11193 Nucleoside diphosphate kinase (NDK) (NDP kinase) 0.75 ± 0.06 
SNOG_12251 Disulfide isomerase 0.66 ± 0.07 
SNOG_00848 FKBP-type peptidyl-prolyl isomerase 0.64 ± 0.01 
SNOG_00787 Mitochondrial peroxiredoxin PRX1 0.63 ± 0.02 
SNOG_14611 Histone 2A 0.59 ± 0.01 
SNOG_15174 -1,6-N-Acetylglucosaminyltransferase 0.50 ± 0.07 
SNOG_12666 Mannitol-1-phosphate dehydrogenase 0.35 ± 0.14 
 
post mpd1 vs. post 
SN15   Fold Change 
SNOG_08052 Putative protein 4.01 ± 1.06 
SNOG_09590 Nitro reductase family protein 2.30 ± 0.26 
SNOG_13042 Short chain dehydrogenase 1.97 ± 0.10 
SNOG_01163 NAD-dependent formate dehydrogenase 1.84 ± 0.23 
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SNOG_05974 Malate dehydrogenase 1.58 ± 0.04 
SNOG_11745 Ribosomal protein S12 0.56 ± 0.03 
SNOG_12666 Mannitol-1-phosphate dehydrogenase 0.52 ± 0.13 
3.3.4.3. sch1 regulated proteins 
Of the proteins altered in abundance within the sch1 mutants between the two 
time points, Snodprot1 and HSCARG dehydrogenase were significantly higher in 
abundance at 13 dpi while methionine synthase, peroxiredoxin, a ribosomal protein, 
and the putative protein SNOG_08052 were all significantly lower in abundance at the 
later time point.  
Comparing the pre sch1 mutant and the pre SN15 strain, sixteen proteins were 
significantly altered in abundance, while only three proteins at the post sch1 vs post 
SN15 interaction were significantly altered in abundance. Of the proteins significantly 
altered at the early time point, HSCARG dehydrogenase, mannitol 2-dehydrogense, 
dihydrolipoamide dehydrogenase, and a nitro reductase family protein were all more 
than two fold higher in abundance, while heat shock protein 60 and a ribosomal 
protein were between 1.3 and 1.9 fold higher in abundance. Nine proteins were 
significantly lower in abundance within the sch1 mutant compared to wildtype at the 
early time point. Mannitol-1-phosphate dehydrogenase and an alcohol dehydrogenase 
both more than 1.8-fold lower in abundance, while thioredoxin, glyceraldehydes-3-
phosphate dehydrogenase, elongation factor 1-α, heat shock protein 70, disulfide 
isomerase, a subunit of ATP synthase, and a protein that binds to cruciform DNA 
(Crp1p) were all more than 2 fold lower in abundance. 
Between the post sch1 and post SN15 strains only three proteins were identified as 
being differentially abundant, of which all were found to be higher in abundance. They 
were a transaldolase, a nucleoside diphosphate kinase, and a glutamine:fructose-1-6-
phosphate amidotransferase.  
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Table 3.4 Differentially abundant proteins within the sch1 strain 
sch1 post vs. pre   Fold Change 
SNOG_13722 Snodprot1 2.33 ± 0.29 
SNOG_11078 HSCARG dehydrogenase 1.56 ± 0.23 
SNOG_04804 Cobalamin-independent methionine synthase 0.78 ± 0.11 
SNOG_00787 Mitochondrial peroxiredoxin PRX1 0.77 ± 0.01 
SNOG_00672 40S ribosomal protein S2 0.69 ± 0.08 
SNOG_08052 Putative protein 0.56 ± 0.06 
 
pre sch1 vs. pre SN15   Fold Change 
SNOG_11078 HSCARG dehydrogenase 2.73 ± 0.34 
SNOG_15488 Mannitol 2-dehydrogenase [NADP
+
] 2.63 ± 0.15 
SNOG_02707 Dihydrolipoamide dehydrogenase 2.20 ± 0.57 
SNOG_09590 Nitro reductase family protein 2.07 ± 0.78 
SNOG_02050 40S ribosomal protein S18 1.92 ± 0.22 
SNOG_14851 Subtilisin-like serine protease pepC precursor 1.70 ± 0.01 
SNOG_16475 Heat shock protein 60 1.35 ± 0.11 
SNOG_12666 Mannitol-1-phosphate dehydrogenase 0.53 ± 0.10 
SNOG_08675 Alcohol dehydrogenase, class V / Mannitol-1 phosphate DH 0.52 ± 0.11 
SNOG_08948 Thioredoxin 0.48 ± 0.13 
SNOG_01494 Protein that binds to cruciform DNA structures; Crp1p 0.46 ± 0.02 
SNOG_01278 GAPDH 0.45 ± 0.06 
SNOG_11663 Elongation factor-1- 0.44 ± 0.06 
SNOG_04404 Heat shock protein 70 0.41 ± 0.07 
SNOG_01298 ATP synthase F1; subunit  0.41 ± 0.04 
SNOG_12251 Disulfide isomerase 0.39 ± 0.17 
 
post sch1 vs. post 
SN15   Fold Change 
SNOG_09682 Transaldolase 2.23 ± 0.21 
SNOG_11193 Nucleoside diphosphate kinase (NDK) (NDP kinase) 1.65 ± 0.18 
SNOG_03801 Glutamine:fructose-6-phosphate amidotransferase 1.58 ± 0.01 
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3.3.4.4. stuA regulated proteins 
Within the stuA mutant between pre and post time points seven proteins were 
found to be altered in abundance. These include the antioxidant enzymes, thioredoxin 
and catalase, as well as a HSCARG dehydrogenase, malate dehydrogenase and heat 
shock protein 60 were all significantly higher in abundance at day 13. Two proteins, 
heat shock protein 70 and elongation factor 1-α, were significantly lower in abundance 
at 13 dpi. 
Between the pre stuA and the pre SN15 strain, there were 13 proteins altered in 
abundance, with six proteins increased in abundance and seven decreased. The 
proteins that were observed to be higher in the stuA mutants at the early time point 
were an alcohol dehydrogenase, glyceraldehyde-3 phosphate dehydrogenase, a 
mitochondrial branched chain amino acid aminotransferase, enolase, perioxiredoxin, 
and myo-inositol 3-phosphate dehydrogenase. While the seven proteins found to be 
lower in abundance were mannitol-1-phosphate dehydrogenase, disulfide isomerase, a 
possible polyketide synthase fragment, a mannan-binding lectin, malate 
dehydrogenase, a short chain dehydrogenase, and the putative protein SNOG_08052. 
Between the post stuA and the post SN15 strains nine proteins were observed to 
differ significantly in abundance, all of which were higher within the stuA strain. The 
three most highly increased in abundance were the antioxidant enzymes, 
perioxiredoxin, catalase, and a superoxide dismutase. Two heat shock proteins, HSP60, 
and HSP70 were also increased along with the proteins, malate dehydrogenase, 
dihydrolipoyllysine-residue acetyltransferase, fructose 1,6-bisphosphate aldolase, and 
elongation factor 1-β. 
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Table 3.5 Differentially abundant proteins within the stuA strain 
stuA post vs. pre   Fold Change 
SNOG_08948 Thioredoxin 3.27 ± 1.55 
SNOG_11078 HSCARG dehydrogenase 1.76 ± 0.28 
SNOG_13840 Catalase/peroxidase 1.67 ± 0.23 
SNOG_05974 Malate dehydrogenase; NAD-dependent 1.49 ± 0.22 
SNOG_16475 Heat shock protein 60 1.39 ± 0.16 
SNOG_14322 Heat shock protein 70 0.72 ± 0.06 
SNOG_11663 Elongation factor 1- 0.46 ± 0.05 
 
pre stuA vs. pre 
SN15   Fold Change 
SNOG_08675 Alcohol dehydrogenase (Mpd1 from Cryptococcus) 2.85 ± 0.98 
SNOG_01278 GAPDH 2.27 ± 0.80 
SNOG_06787 Mitochondrial branched-chain amino acid aminotransferase 1.93 ± 0.07 
SNOG_03571 Enolase (2-phosphoglycerate dehydratase) 1.71 ± 0.18 
SNOG_00787 Mitochondrial peroxiredoxin(PRX1) 1.63 ± 0.01 
SNOG_10204 Myo-inositol 3-phosphate synthase 1.55 ± 0.10 
SNOG_12666 Mannitol-1-phosphate dehydrogenase 0.72 ± 0.05 
SNOG_12251 Disulfide isomerase 0.55 ± 0.11 
SNOG_02477 Possible polyketide cyclase-2 fragment 0.53 ± 0.15 
SNOG_15275 Mannan-binding lectin/cyanovirin-N family protein 0.51 ± 0.20 
SNOG_09027 Malate dehydrogenase; NAD-dependent 0.44 ± 0.03 
SNOG_13042 Short chain dehydrogenase 0.34 ± 0.05 
SNOG_08052 Putative protein 0.34 ± 0.04 
 
post stu A vs. post 
SN15   Fold Change 
SNOG_00787 Mitochondrial peroxiredoxin(PRX1) 3.57 ± 1.35 
SNOG_13840 Catalase/peroxidise 2.42 ± 0.24 
SNOG_09681 Superoxide dismutase [Cu-Zn] 2.36 ± 0.41 
SNOG_05974 Malate dehydrogenase; NAD-dependent 2.12 ± 0.23 
SNOG_06060 Dihydrolipoyllysine-residue acetyltransferase 1.98 ± 0.18 
SNOG_07046 Elongation factor 1- 1.97 ± 0.20 
SNOG_16475 Heat shock protein 60 1.93 ± 0.09 
SNOG_08226 Fructose 1,6-biphosphate aldolase 1.80 ± 0.15 
SNOG_13583 Heat shock protein 70 1.63 ± 0.35 
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Figure 3.9 Differentially abundant proteins within strains, based on comparison against the pre 
time point for each strain (protein abundance ratios <0.8 are shown in blue while those >1.2 
are in red). 
 
 
Figure 3.10 Differentially abundant proteins between wildtype and mutant strains, based upon 
comparison of the mutants against the SN15 strain at each time point (protein abundance 
ratios <0.8 are shown in blue while those >1.2 are in red).  
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3.3.5. Gene ontology assessment of differentially abundant 
proteins 
A list of GO terms was generated for the identifiable proteins and analysis as 
described in section 3.2.2.9 to determine whether any one category or grouping was 
overly abundant. 
The cellular component ontology describes localisation, at the levels of sub cellular 
structure and macromolecular complexes. It allows descriptive analysis of the 
predicted locations of the identified components in a hierarchical manner, in which the 
components can be considered to be part of the higher category. The cellular 
component ontology analysis of the regulated proteins identified that, most proteins 
were located within the cytoplasmic, mitochondrial, intracellular, and cytosolic cellular 
regions. Several cell wall associated proteins where also observed as well as a limited 
number of extracellular components. As the methodology used for the extraction of 
proteins utilised no detergents a bias towards the non-membrane bound intracellular 
proteins was expected (Figure 3.11). 
Molecular functionality GO terms for the identified proteins were also assessed. 
The molecular function GO term attempts to assign a function or role to specific gene 
products. The molecular functions protein binding, nucleotide binding, transferase 
activity, antioxidant activity, and hydrolase activity were all overrepresented within the 
analysed proteins. This indicates that of the proteins that were differentially abundant 
across sporulation many have a role in protein-protein interactions as well as 
interaction with DNA and RNA within the cell, as determined via the daughter terms 
DNA and RNA binding (Figure 3.12). 
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Figure 3.11 Cellular component GO classification of the proteins identified as differentially 
abundant based upon identifiable protein sequences.  
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Figure 3.12 Molecular function GO classification of the proteins identified as differentially 
abundant based upon identifiable protein sequences. 
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3.4. Discussion 
To date, the use of iTRAQ labels for the quantitative analysis of proteins in fungal 
plant pathogens has been limited. These studies have looked at the protein expression 
difference within Fusarium graminearum under mycotoxin inducing conditions (Taylor 
et al., 2008), the secretome of the basidiomycete Phanerochaete chyrsoporium grown 
upon various lignocelluloses (Manavalan et al., 2011), and the intracellular proteins of 
S. nodorum compared to a knockout mutant for the G-protein alpha subunit 
(gna1)(Casey et al., 2010). 
The previous comparative proteomic study of S. nodorum, in which the wildtype 
SN15 strains was quantitatively compared to the gna1 mutant, identified a total of 
1336 proteins, of which 49 were found to be significantly altered in abundance (Casey 
et al., 2010). The previous study utilised the iTRAQ 4-plex labelling system but only 
utilised two of the labels; effectively performing a duplexed experiment. 
The total number of unique proteins identified within the previous study was 
almost double that identified within this study. The reasoning behind this may be due 
to several factors, the structure of the 4-plex balance group differs significantly from 
that of the 8-plex and in differences in protein identification and quantitation have 
been postulated to exist between these two reagents (Pottiez et al., 2012). One 
possible explanation for this could be that the increased mass of the balance group 
absorbs a higher amount of energy during ionisation which results in poor 
fragmentation patterns. Alternatively, it may simply be due to the inherent bias within 
search algorithms against peptides carrying large modifications (Pichler et al., 2010).  
Another factor to be considered is the increased diversity of proteins that can be 
expected to be expressed within the eight samples, within the previous study, which 
was effectively a duplexed experiment, the amount of labelled peptides from each 
sample was four times greater than within this study. As many low abundance proteins 
may only be present within one of the strains due to inherent differences in their 
growth and development, many of these are assumed to be lost below the level of 
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detection as there is not enough similarity between the various samples to 
compensate for the low abundance. 
However, while the 8-plex system may result in a lower number of identified 
proteins the 8-plex tags have been shown to provide more consistent ratios than the 4-
plex without compromising protein identification (Pottiez et al., 2012). 
Quantitative proteomics provides a list of differentially identified proteins from 
which the regulation of various cellular processes can be inferred. However, further 
characterisation of these targets must be performed in order to truly determine what 
role, if any, they play in the process being analysed.  
This study attempts to advance the current knowledge about the process of 
asexual sporulation in the filamentous fungi S. nodorum by quantifiably characterising 
changes in the proteome of three previously constructed mutants shown to be 
disrupted at different developmental stages in sporulation. 
3.4.1. The observed proteins 
From the three biological replicates we were able to identify a total of 740 unique 
proteins, of which 401 proteins were identified in at least two of the biological 
replicates and 214 of these identified in all three. Subsequently 55 proteins were 
determined to be differentially abundant at a statistically robust level. Multiplexing of 
the eight samples in each experiment allowed a range of interactions and comparisons 
to be assessed. The comparisons chosen for this analysis looked firstly at interactions 
within each of the strains, across the two time points. This allowed assessment of the 
various proteins that were regulated due to the specific mutations, or lack of, in the 
case of the wildtype. An assessment of the proteins that are differentially abundant 
between the wildtype and the various mutants at the two time points was also 
undertaken.  
On average nine proteins were differentially abundant within each of the 
interactions, with more proteins observed to be significantly different within the pre 
wildtype and pre mutant strains than within other groups. This is an interesting 
101 
 
finding, as it is during this stage in their growth that the strains are the most 
phenotypically similar. These data suggest that key factors are induced prior to, and 
during, the development of sporulation that heavily influence later changes in the 
visible phenotype of S. nodorum. 
3.4.2. Gene ontology classification analysis 
Gene ontology allows an approximate clustering of probably functionality and 
location within the cellular environment. Gene ontology analysis was performed upon 
the proteins found to be differentially abundant across the various comparisons.  
Assessment of the cellular location and molecular function were performed in an 
attempt to identify those locations and functions that were over represented amongst 
the differentially abundant proteins. As the method that was used to extract the 
proteins favoured soluble proteins there was, as expected, a high number of proteins 
identified that localise within this area. Proteins that localised to the mitochondria 
were particularly well represented, indicating that abundance changes of proteins 
involved in energy metabolism play a large role in the various processes that are 
affected by the mutations.  
The molecular function analysis of the proteins that were differentially abundant 
revealed that the categories protein binding, nucleotide binding, transferase, 
hydrolase, and antioxidant activity, were highly represented. Protein binding 
functionality refers to processes that involve selective non-covalent interactions with 
proteins and protein complexes. This may indicate that the differentially abundant 
proteins are involved in numerous regulatory protein-protein interactions. Proteins 
identified within this study that represent the protein binding GO term include the 
numerous heat shock proteins and peptidylprolyl isomerases. 
The molecular function transferase activity is related to a range of proteins that 
transfer specific functional groups to other proteins. Some examples of these are 
methylation, glycosylation, acylation, and phosphorylation all of which are 
documented post-translational modifications that current research indicates plays a 
large role in many facets of cellular regulation (Leach and Brown, 2012; Mann and 
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Jensen, 2003). Transferase activity encompasses all enzymes under the enzyme 
commission (EC) number/class 2, all the proteins differentially abundant in the stuA 
mutant at the later time point belonged to this class (Transaldolase, NDP kinase, 
amidotransferase), while there appearance was scattered amongst the other mutants 
with an aminotransferase, an acetyltransferase as well as the three identified in stuA 
present within the sch1 and mpd1 mutants. 
Hydrolase activity was also well represented. Hydrolase related reactions typically 
involve the hydrolysis of organic compounds, indicating that there is a degree of 
reorganising is occurring at the cellular level. Enzymes in this class that were identified 
were predominately found during the early time point interactions and included 
methionine synthase, myo-inositol 1-phosphate synthase, and malate synthase. 
Proteins that bind to DNA and RNA were well represented. Regulation of various 
aspects of fungal growth and development have been attributed to proteins that fit 
into this category as recently demonstrated with the transcription factor StuA (IpCho 
et al., 2010). 
Antioxidant activity was also present amongst the proteins that were differentially 
abundant. An increase in antioxidant capacity is typically observed in response to in 
increased oxidant stress upon the system. In the filamentous fungi A. nidulans, the 
addition of the exogenous antioxidant vitamin E, causes a decrease in autolytic activity 
but at the same time has a negative effect on sporulation (Emri et al., 2004). As well as 
playing a role in maintaining a balance against harmful oxidative damage within cells, 
antioxidants also have a well-documented role within development (Aguirre et al., 
2005; Georgiou et al., 2006). 
3.4.3. Inferences from the types of differentially regulated 
proteins 
Across the various interactions were many different classes of proteins that were 
differentially abundant. Despite this, the wide range of proteins that were found to be 
differentially abundant between the various interactions, there were specific areas of 
metabolism and cellular process that were over represented, indicating that certain 
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pathways may be asserting more influence over sporulation than others. Proteins 
involved in primary metabolism, cellular stress response, and NAD(P)+/NAD(P)H 
balance were well represented, along with a range of proteins previously found in 
infections and a handful of proteins of unknown function. 
3.4.3.1. Regulation of primary metabolism 
A number of differentially abundant proteins appeared across the various 
interactions that are directly involved with primary metabolism though glycolysis, the 
TCA cycle, and the glyoxylate cycle. 
Malate dehydrogenase and fumerase, two key enzymes involved in malate 
metabolism were regulated across several of the interactions. Two isoforms of the 
cytosolic malate dehydrogenase (Mdh1) were identified within this study. Previously 
one of these malate dehydrogenases had been identified as differentially abundant 
within S. nodorum in comparison to a G-protein alpha subunit knockout (gna1). Malate 
dehydrogenase was significantly lower in abundance within the gna1 mutant, which is 
also impaired in its ability to sporulate (Casey et al., 2010). The role of cytosolic Mdh1 
is generally related to cellular metabolism via gluconeogenesis and aspartate-malate 
shuttle between the mitochondria and the cytosol, however what role it is facilitating 
here is yet to be defined. Malate synthase, an enzyme of the glyoxylate cycle, was also 
found to be lower in abundance in the wildtype strain at 13 days. This enzyme plays a 
role in fatty acid utilisation and has been previously shown to be required for 
germination in S. nodorum (Solomon et al., 2004a).  
Several enzymes involved in glycolysis, fructose 1,6 bisphosphate aldolase, 
glyceraldehyde 3-phosphate dehydrogenase, enolase, and two members of the 
pyruvate dehydrogenase complex, dihydrolipoamide dehydrogenase and 
dihydrolipoyllysine acetyltransferase, were found to be differentially abundant within 
several of the interactions, these enzymes are involved the energy production through 
the funnelling of carbon into the TCA cycle. One noticeable trend was that the sch1 
and stuA mutants, which are stunted at an earlier developmental stage, were 
increased in abundance for the glycolytic enzymes. This was more prominent during 
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the early time point prior to sporulation, indicating that although they are 
developmentally retarded in their ability to sporulate, they have increased glycolytic 
activity at the onset of sporulation. This may suggest that the nutrient sensing ability of 
these two mutants has been disrupted and the fungi is utilising these pathways as a 
compensatory energy production (Fuller and Rhodes, 2012). Disruption to malate 
synthase has been previously shown to cause an inability of the fungi to germinate in 
planta and without an exogenous carbon source. This was related to the inability of 
the fungi to break down triacylglycerol stores (Solomon et al., 2004a). Interestingly 
previous metabolomics analysis of the stuA mutant showed that this mutant has an 
increased abundance of a range of organic acids, suggesting they are not being utilised 
as an energy source (IpCho et al., 2010). 
Enzymes involved in regulation of the energy produced through glycolysis were 
also observed with both adenylate kinase, which has a key role in ATP/AMP balance, 
and nucleoside diphosphate kinase, which has a role in the interconversion between 
GTP/GDP and ADP/ATP, found to be differentially abundant. A subunit of ATP synthase 
was also differentially abundant within this study, indicating that not only is the 
regulation of cellular energy disrupted within some of the mutants, so is the 
generation.  
3.4.3.2. Regulation of NAD(P)+/ NAD(P)H 
Generation of NADPH within the cell is primarily attributable to the pentose 
phosphate pathway. Within a previous comparative proteomics study on S. nodorum, 
four enzymes within the pentose phosphate pathway were significantly increased in 
abundance within the gna1 mutant (Casey et al., 2010). Two of these enzymes, 
transaldolase and 6-phosphogluconate dehydrogenase, were found to be significantly 
increased within this study as well, further implying that this pathway has a role in the 
disruption of sporulation through its ability to regulate the intracellular NADPH/NADP+ 
ratio. 
Enzymes for the utilisation of mannitol, mannitol-1-phosphate dehydrogenase and 
mannitol dehydrogenase, were also identified across several of the interactions. The 
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metabolism of mannitol has been previously postulated as an alternative NADPH 
generation route, though recent data has questioned this (Solomon et al., 2006d). 
However there is still demand for NADPH within this system as a co-factor for the 
conversion of mannitol-1-phosphate to fructose-6-phosphate and it could be 
considered that the high abundance of mannitol enzymes within S. nodorum may be 
influencing the flux of NADPH. 
Within the rice pathogen Magnaporthe oryzae a regulation of NADPH production 
from the pentose phosphate pathway is controlled partially through the enzyme 
trehalose-6 phosphate synthase (Tps1). Analysis of the tps1 mutants revealed that, not 
only was the pentose phosphate pathway disrupted within this mutant, but it 
sporulated poorly (Wilson et al., 2007), indicating that NADPH regulation may play a 
role in the development of sporulation. 
A range of different enzymes were identified that utilise NAD(P)H/NAD(P)+ as a co-
factor. One of these, a branched-chain amino acid aminotransferase, has recently been 
hypothesised to play a role as an alternative electron sink for A. nidulans under 
hypoxic conditions, a condition in which the lower level of environmental oxygen 
results in an accumulation of NAD(P)H (Shimizu et al., 2010). A branched-chain amino 
acid aminotransferase has also been found to be regulated between developmental 
stages in the formation of sclerotia by Sclerotinia sclerotiorum, however the role it is 
facilitating is open to yet to be fully determined (Liang et al., 2010). 
3.4.3.3. Signalling 
The previously well documented gna1 and cpkA mutants of S. nodorum have 
provided a number of interesting findings and demonstrate how broadly cellular 
systems can be disrupted through the modifications of signalling.  
The enzyme inositol-1-phosphate synthase was identified as higher in abundance 
within the sch1 mutants at the early time point. It is involved in the catalysis of 
glucose-6-phosphate to inositol-1-phosphate. Inositol phosphates, in particular inositol 
triphosphates, play an important and well documented role in signal transduction 
(Chakraborty et al., 2011). Inositol is also a precursor for the production of 
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phosphatidylinositol, which is itself important for the production of phospholipids 
(Reynolds, 2009). The linkage between inositol-1-phosphate synthase and calcium 
signalling has been previously identified (Iqbal et al., 2002), although the hypothesis 
proposed also requires activation of G-proteins that activate phospholipase activity 
and release phosphoinositol in the cell. This would then trigger an increase in the 
intracellular calcium concentrations, which would in turn activate calcium sensitive 
pathways, such as calcium/calmodulin-dependent protein kinase A, which has been 
previously shown to be required for sporulation. However, the role of inositol-1-
phosphate synthase in S. nodorum is still to be defined as no mutational 
characterisation of the gene has been performed to date. Interestingly the abundance 
of this protein was also increased in the gna1 mutant during previous proteomics 
assessment. G-proteins are involved in many aspects of sensing so it could be 
speculated that the disruption in both the gna1 mutant and the stuA mutant has 
resulted in a compensatory increase in the abundance of inositol-1-phosphate 
synthase. 
Glycosylation of proteins was not previously thought to play a direct role in 
signalling (Wells et al., 2001), however evidence is now coming forth that protein 
specific glycosylation has a strong regulatory effect within the cell (Ernst and Pla, 2011; 
Hanisch and Breloy, 2009). Recently a link between nutrient sensing and cell signalling 
has been made though this form of modification (Goodman, 2012). The protein 1,6-β-
N-acetylglucosaminyltransferase was decreased in abundance in mpd1 mutant 
compared to the wildtype at the early time point. The role of this enzyme has been 
linked to the glycosylation of proteins within a number of systems (Deshpande et al., 
2008; Guo et al., 2003). Glycosylation has been identified as playing a key role in cell 
wall synthesis and linked to development within the filamentous fungus Aspergillus 
fumigatus (Cheng, 2012), the decrease in abundance of this enzyme in the mpd1 
mutant during the early development stage may be causing a disruption that impairs 
the ability to differentiate viable spores within the pycnidia, although further 
assessment of this is required. 
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Modification of proteins for the control of cellular processes is an important 
regulatory aspect within many systems, however the transient nature of many of the 
modification makes studying them extremely challenging. 
3.4.3.4. Stress response 
A large number of proteins and enzymes linked to the regulation, production, 
quenching and tolerance of reactive oxygen species (ROS) were identified as 
differentially abundant during sporulation across the various comparisons. Generation 
of ROS within cells is under tight regulation as a perturbation in either direction can 
lead to a disruption to normal cellular processes (Keon et al., 2007; Sharma et al., 
2012). ROS have many roles within the cell, beneficial aspects such as signalling and 
defence help the cell survive in a range of environments, however their production can 
cause unwanted damage and modification to proteins that disrupt normal metabolic 
processes (Halliwell and Gutteridge, 2007). 
Several intracellular antioxidant enzymes were found with significantly altered 
abundances in this study with the stuA mutant typically increased in abundance while 
the mpd1 and sch1 had lower abundances were detected. A mitochondrial 
peroxiredoxin, which helps quench ROS generated though leakage from the 
mitochondrial respiratory chain, a bifunctional catalase peroxidase, which catalyses 
the degradation of intracellular hydrogen peroxide, and thioredoxin, which plays a 
sacrificial role in reducing oxidised proteins. Thioredoxin is closely linked to the 
enzyme thioredoxin reductase which maintains thioredoxin in a reduced state within 
the cell at the expense of NADPH. All three of these proteins are involved in the 
detoxification of ROS from within the cell, and the increases in abundance that were 
seen in the majority of cases indicate that there is most likely an increased generation 
of ROS within the mutants. Interestingly the most severely disrupted mutant for 
sporulation, stuA, also showed the largest changes in both number, and abundance 
increases, of antioxidant proteins. 
In contrast to this, the abundance of protein disulfide isomerase was lower within 
all three of the mutants compared to wild type pre sporulation. Protein disulfide 
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isomerases’ play a role in the refolding and reorganisation of disulfide bonds within 
proteins and act as chaperones within several systems to ensure that the correct 
protein folding occurs. Two forms of peptidylprolyl isomerase were also found to 
significantly change in abundance. Peptidylprolyl isomerases are an important class of 
proteins that facilitate the interconversion between the cis and trans conformations of 
proline residues in proteins. This commonly acts as a rate limiting step in the folding of 
proteins, and although there is usually a high level of redundancy within this class of 
enzyme (17 genes within the S. nodorum have peptidylprolyl isomerase domains), the 
cyclophilin class of peptidylprolyl isomerase’s have been identified as a virulence 
determinant in the rice blast pathogen Magnaporthe grisea (Viaud et al., 2002). 
The other more classically recognised stress response proteins, heat shock proteins 
(HSP), were also observed to have a range of abundance changes between the wild 
type and mutants, whilst remaining unchanged within the wild type, indicating that 
there is an inherent level of stress response within the mutants.  
The role of HSP in developmental changes within fungi has been documented 
within Neurospora crassa (Fracella et al., 1997), where high levels were associated 
with conidiation. However they have also been associated with glucose regulated 
genes (Hafker et al., 1998) and a range of aspects of stress tolerances such as pH, and 
temperature (Heikkila, 1993; Montero-Barrientos et al., 2008; Squina et al., 2010). HSP 
60, 70, and 90 were observed within this study. Across the mutants there appears to 
be a gradient with the least disrupted mutant increasing the levels of the HSP earlier in 
the development and the most disrupted mutant increasing the abundance of HSP 
later. This could imply a link to the development, possibly coinciding with the initial 
developmental changes required for sporulation. 
3.4.3.5. Other proteins of interest 
Two proteins that may play a role in the detoxification of potentially toxic 
metabolites were also identified. One of these, SNOG_01163, an NAD+-dependent 
formate dehydrogenase, was found at increased abundances within the mpd1 mutants 
compared to the wildtype strain. Formate dehydrogenase metabolises formic acid, the 
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toxic metabolite responsible for acidosis during methanol accumulation. The 
potentially toxic metabolite oxalate is thought to be a key factor in the early 
pathogenic stage of a range of necrotrophic fungi including S. sclerotiorum and B. 
cinerea (Amselem et al., 2011). One pathway for the generation of oxalate in a range 
of ascomycetes and basidiomycetes is suspected to occur though the activity of a well 
conserved oxaloacetate acetylhydrolase (SNOG_10723) (Joosten et al., 2008). This 
would result in the accumulation of oxalate which could then be removed though the 
activity of oxalate decarboxylase and formate dehydrogenase; both these enzymes 
were identified in the mpd1 mutant, however only the later was significantly higher in 
abundance.  
Short chain dehydrogenases have been observed to cause a disruption to both 
pathogenicity and secondary metabolite production (Bohnert et al., 2004), the latter of 
which has been linked to sporulation within S. nodorum (Tan et al., 2009b). A short 
chain dehydrogenase protein (SNOG_13042) was found within this study, however 
previous characterisation of this protein, named Sch2, has shown that it does not 
share the same phenotype, nor has it the ability to complement the sch1 mutation 
(Tan et al., 2008). What role it is performing within the mutants in which it was 
differentially abundant in this study can only be speculated. 
SnodProt1 was also identified within this study as differentially abundant. This 
protein was first identified amongst the proteins isolated from infection of wheat 
leaves with S. nodorum, (Keon and Hargreaves, 1998), it contains the cerato-platanin 
family domain which has been linked to infection success within several pathogenic 
fungi, although it does have homologs within non-pathogenic fungal species. In M. 
oryzae, the Snodprot1 homolog, MSP1, is known to be required for virulence (Jeong et 
al., 2007), whilst F. graminearum secretes two small proteins with high similarity to 
SnodProt1 with demonstrated phytotoxicity (Lysoe et al., 2011). 
3.4.3.6. Proteins of unknown function 
Several proteins were identified that showed only weak homology to any other 
protein within the BLAST databases. One such protein (SNOG_11329), a hypothetical 
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protein of 133 amino acid residues in length, showed a high similarity to several 
hypothetical proteins present within several pathogenic filamentous fungi (Botrytis 
fuckeliana, Fusarium oxysporum). The closest partial match was towards a 
mitochondrial substrate carrier protein, a class of protein that has previously been 
identified in the oomycete Phytopthora sojae during asexual spore formation (Wang et 
al., 2009).  
Another protein with no known function within the databases, SNOG_01958, was 
significantly higher in abundance in the mpd1 mutant pre sporulation. This protein 
shows high similarity to several hypothetical proteins within an even larger range of 
known plant pathogens, including two wheat pathogens of the species Pyrenophora, 
and others such as Leptosphaeria spp, Colletotrichum spp, Magnaporthe spp, Fusarium 
spp and Mycosphaerella spp. The protein is secreted and contains a conserved CHRD 
region, a domain feature more commonly associated with development within 
mammalian species (Liu and Niswander, 2005), but one which has been revealed 
within microbial searches with a limited similarity to superoxide dismutase (Hyvönen, 
2003). The only known function of these proteins is as an inhibitor of bone 
morphogenetic protein, a signalling pathway responsible for development within 
several animal model systems, where it functions as an antagonistic suppressor of 
signal transduction by binding to the protein responsible for activating the response. 
What role this protein plays within S. nodorum during the development of sporulation 
is unknown. However, as signal repression and transduction play such an important 
role within many aspects of the lifecycle of S. nodorum, it is an interesting lead for 
future work.  
One protein that was identified without any homology to known proteins 
(SNOG_08052) has previously been identified in the secretome of a G-protein alpha 
subunit knockout strain. In this study, the same protein was identified as higher in 
abundance within the mpd1 mutant with an increasing level of abundance present 
post sporulation. The protein also decreased in abundance compared to the wild type 
in the transcription factor knockout stuA whilst it also showed a decrease in 
abundance within the sch1 mutant pre to post. The unknown nature of this protein 
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and the relatively large fold changes observed, in conjunction with the various 
interactions this protein is regulated within make it an attractive target for future in-
depth analysis.  
3.4.4. Inferences towards sporulation from the mutants 
The three mutants used in this experiment to assess sporulation are disrupted 
through distinctly different mutations and to what level these mutations are linked is 
unknown. The mpd1 mutation affects the ability of S. nodorum to metabolise 
mannitol, although how this impairs sporulation exactly is unclear (Solomon et al., 
2005a; Solomon et al., 2006d; Solomon et al., 2007). The sch1 mutation disrupts 
sporulation through inhibiting the ability of the fungi to develop pycnidial walls. At the 
same time this mutation causes an alteration to the production of secondary 
metabolites (Tan et al., 2008). The transcription factor mutant stuA, has been shown to 
disrupt various aspects of central carbon metabolism. However, the range of effects 
this mutation causes at the biochemical level, which are not phenotypically apparent 
under standard growing conditions, makes determining pathways that are under the 
control of StuA and affect sporulation difficult to determine (IpCho et al., 2010). 
The limited number of proteins identified within each of the pre vs post 
comparisons makes drawing conclusions on their roles in the various phenotypes 
observed challenging However, as a far greater number of proteins were differentially 
abundant in the mutant strains compared to the wildtype, certain functional groupings 
of proteins that may play a role in the process of sporulation were able to be 
determined.  
3.4.4.1. The mpd1 mutant 
The disruption to mannitol metabolism within the mpd1 mutant results in the 
inability of the fungi to produce spores in the absence of mannitol. Of the proteins that 
were differentially abundant in the mutant across the time course three proteins 
involved with primary metabolism and energy utilisation were increased in abundance, 
along with the stress related protein HSP70. This suggests there may be an increased 
level of metabolic activity during sporulation and a resultant increased level of stress. 
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A protein that was previously identified in the proteomic analysis of the gna1 mutant, 
SNOG_09590, which encodes a nitroreductase family protein, was also higher in 
abundance across sporulation. This protein has been investigated further via gene 
disruption but does not have a role in sporulation or pathogenicity (K-C Tan, personal 
communication). The increased abundance of the single-stranded TG1-3 binding 
protein, a protein that has a role in maintaining telomere integrity and mediating 
access to telomerase, indicates that there is possibly an increase in cell division. Two 
proteins found to decrease in abundance within mpd1 across sporulation, methionine 
synthase and Uvi1. Methionine synthase plays a role in the production of 
tetrahydofolate which has subsequently been found to play a role in pigment 
biosynthesis within the filamentous fungi F. graminearum and A. nidulans (Banerjee 
and Matthews, 1990; Frandsen et al., 2010). 
The comparison of the wildtype SN15 strain against the mpd1 mutant at the pre 
sporulation time point had the greatest number of proteins that were differentially 
abundant. Of the proteins that increased in abundance, the majority were involved in 
either NADPH generation, stress response, or had previously been observed as 
pathogenicity related. Along with these there were two unknown proteins. The 
proteins significantly decreased in abundance were related to protein folding, and 
energy utilisation.  
The comparison of the wildtype SN15 strain against the mpd1 mutant at the post 
sporulation time point showed far fewer proteins altered in abundance. However of 
the few that were, most were also increased in abundance during pre-sporulation 
suggesting that the mutation may be causing an accumulation of these proteins. 
The mpd1 mutation results in a fungal strain that is unable to utilise carbon from 
the glycolytic pathway in an efficient manner to accumulate mannitol. The 
accumulation of mannitol has previously been observed to be a requirement for 
sporulation in S. nodorum (Solomon et al., 2006d). The previous reported hypothesis, 
that the mannitol cycle is an alternative NADPH generator, appears to be partly 
supported by this data as two enzymes from within the pentose phosphate pathway 
were observed at significantly higher abundance within the mutant. 
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A handful of the proteins identified as differentially abundant in this study were 
also identified in the previous proteomics analysis of the gna1 mutant. Pathways 
identified in this study that were found in common with the gna1 mutant include the 
pentose phosphate pathway, and although mannitol metabolism in S. nodorum, 
Aspergillus niger, and Alternaria alternata has been established as not involved in the 
regeneration of NADPH, mannitol metabolism appears to be a negative regulator of 
NADPH production.  
The mpd1 mutation also causes a significant decrease in the abundance of proteins 
linked to structural protein rearrangements, protein disulfide isomerase, along with 
peptidylprolyl isomerase act as chaperones within the endoplasmic reticulum that 
accelerate the correct folding of proteins and inhibit the aggregation of misfolded 
proteins (Wilkinson and Gilbert, 2004). The observed significant decrease in several of 
these proteins indicates a decrease in protein synthesis. Protein disulfide isomerase is 
also a member of the thioredoxin superfamily. The decrease in abundance of both 
thioredoxin and peroxiredoxin could indicate a reduction in the antioxidant capacity of 
the fungi. Another possibility could be that the reduced protein synthesis is the result 
of some other aspect of the impaired sporulation, put simply, that with sporulation 
disrupted there is a lower requirement for new proteins. 
3.4.4.2. The sch1 mutant 
Very few proteins were differentially abundant between the sch1 mutants at the 
pre vs post time points. Furthermore, the functions of several of the proteins, most 
notably the three with the largest fold changes both up (SnodProt1, HSCARG 
dehydrogenase) and down (SNOG_08052), are unknown. The other three proteins 
significantly altered in abundance were a methionine synthase, a peroxiredoxin and a 
ribosomal subunit protein. 
Comparison of the sch1 strain against the SN15 wildtype strain revealed a number 
of differentially abundant proteins, with comparison of the early time point revealing 
the greatest number of changes. However there was no clear trend in the types of 
proteins that were differentially abundant with both increases and decreases in 
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proteins from similar groupings. Interestingly, mannitol dehydrogenase, the enzyme 
responsible for the NADPH-dependent generation of mannitol from fructose, was 
increased in abundance within the sch1 mutant.  
In previous studies on sch1 mutants the ability to cause lesions on wheat was 
examined. The sch1 mutants were comparable to wildtype in their ability to cause 
lesions, however suffered a reduced growth rate when grown on MM, or MM 
supplemented with components from the complex media (Tan et al., 2008). Within this 
study there was an increased abundance of a subtilisin-like serine protease precursor, 
a class of protein previously identified as influential for the ability of certain plant 
pathogens to successfully infect susceptible hosts (Gindro et al., 2012). It is possible 
that the increase in the production of this protein is compensating the reduced ability 
to grow in sub-optimal conditions, and allowing the sch1 mutant to continue to infect 
in an equivalent manner to the wildtype.  
Of the proteins that were down regulated, akin to the observations within the 
mpd1 mutant, several proteins involved in antioxidant capacity, glycolysis, energy 
production, and protein folding were less abundant. As with the proteins that were 
observed to be lower in abundance in the mpd1 mutants this may be indicative of a 
reduced requirement for the production of proteins due to the disruption to 
sporulation that occurs. A mannitol-1-phosphate dehydrogenase and an alcohol 
dehydrogenase with partial sequence homology to mannitol-1-phosphate 
dehydrogenase from Cryptococcus spp. were also less abundant within the sch1 
mutant. The role of mannitol-1-phosphate dehydrogenase has previously been 
identified as the key enzyme for both synthesis and catabolism of mannitol in S. 
nodorum (Solomon et al., 2007). A disruption to the abundance of this enzyme would 
have foreseeable consequences on the abundance of the metabolite mannitol within 
the sch1 mutant, however if this has a role in the disrupted ability of the sch1 mutants 
to sporulate is unclear. 
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3.4.4.3. The stuA mutant 
Of the proteins differentially abundant in the stuA mutant during sporulation, 
several are related to stress response. The increase in abundance of the antioxidant 
proteins thioredoxin and catalase/peroxidase, along with HSP 60, indicates an increase 
in oxidative stress over the time course. 
Comparison of the proteins regulated in stuA against the wildtype at both the pre 
and post sporulation time points the protein and process that were most dramatically 
altered were those involved in free radical generation and quenching, along with 
several heat shock proteins. The increase in abundance of heat shock proteins coupled 
to the increased antioxidant capacity hints towards a severe redox imbalance that the 
fungus is attempting to moderate. 
Within the stuA mutant several enzymes of the glycolytic pathway were increased 
in abundance compared to the wildtype at the post sporulation time point. An increase 
in the abundance of fructose-1,6-bisphosphate aldolase, as well as an increase in the 
abundance of dihydrolipoyllysine-residue acetyltransferase, a component of the 
pyruvate dehydrogenase complex which produces acetyl-CoA that is directed into the 
TCA cycle, indicates that there is increased glycolytic activity within the stuA mutant 
compared to the wildtype. Such activity may lead to an increased amount of acetylCoA 
entering the TCA cycle which may correlate with the observed increased in abundance 
of malate dehydrogenase and the increased abundance of several antioxidant and 
stress related proteins. 
The abundance of a mitochondrial peroxiredoxin was higher in the stuA mutant at 
both pre and post compared to the wild type, whilst a bifunctional catalase-peroxidase 
was higher post sporulation compared to wild type. The bifunctional catalase 
peroxidase and a thioredoxin were also higher in the post stuA vs. pre stuA. 
Catalase/peroxidase plays a role in the detoxification of hydrogen peroxide and 
peroxide groups associated with both lipids and proteins (Halliwell and Gutteridge, 
2007). Peroxides are often formed by the propagation of radicals, and in particular by 
the action of superoxide dismutase. The formation of a lipoperoxide or protein 
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hydroperoxide group can break down to form highly reactive hydroxyl radicals, which 
are then capable of continuing the cycle and forming hydroperoxide groups upon 
closely associated proteins (Halliwell and Gutteridge, 2007).  
This information, taken together with the various developmental stages that the 
mutants are attenuated at, indicates that the severe disruption caused by knocking out 
the StuA gene leads to a higher ROS levels results in an increase in the abundance of 
key enzymes required to maintain redox balance. Previous investigations into the 
phenotype of the stuA mutants did not look into the generation of reactive oxygen 
species (IpCho et al., 2010). As the levels of a number of key pro- and anti-oxidant 
enzymes were found in this study to be significantly altered in abundance across the 
onset of sporulation, it would be of interest to determine the level of disruption, and 
more so the antioxidant capacity of the stuA mutant  
Enzymes involved with both the pentose phosphate shunt and glycolysis are 
increased in abundance in all cases except one interaction for sch1 mutant compared 
to the wild type.  Within the mpd1 mutant, two enzymes involved within the pentose 
phosphate shunt, 6-phosphogluconate dehydrogenase and transaldolase were higher 
in abundance compared to wild type pre sporulation. This pathway is a primary 
method for the generation of NADPH, mannitol utilisation has been suspected to play 
a role in the generation of NADPH, and as this pathway was compromised the increase 
in abundance may be due to the inability of this mutant to properly utilise mannitol. 
The abundance of transaldolase was previously found to be higher in the G-protein 
knockout gna1, here too the abundance of the transaldolase is significantly higher 
within both the sch1 and mpd1 mutants compared to wildtype. The up regulation of 6-
phosphogluconate dehydrogenase suggests that glucose-6-phosphate within the cell is 
being utilised for NADPH regeneration within the pentose phosphate pathway. 
However, the increase in abundance of inositol-3-phosphate synthase, within the stuA 
mutant, as well as increases in abundance of enolase, glyceraldehyde 3-phosphate 
dehydrogenase, dihydrolipoamide dehydrogenase and dihydrolipoyllysine 
acetyltransferase within stuA, stuA and mpd1, sch1, and stuA respectively, may 
indicate that the generation of ATP within the mutants is being prioritised.  
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The proteins dihydrolipoamide dehydrogenase and dihydrolipoyllysineacetyl 
transferase are two of the three subunits of the pyruvate dehydrogenase complex 
which converts pyruvate into acetyl-CoA, an important rate limiting step for entry of 
carbon into the TCA cycle, the third component, pyruvate dehydrogenase was only 
detected within one of the replicates so was excluded from further analysis, however it 
was following the same increase in abundance trend as found within all the mutants. 
The observed increase in abundance of these two proteins suggests that carbon is 
being funnelled into the TCA cycle for ATP synthesis. 
Within the sch1 mutants however, there is an apparent decrease in the 
requirement of ATP. ATP synthase is down regulated within the sch1 mutants in 
relation to SN15, indicating that the sch1 mutation may have a positive regulatory 
effect on ATP synthesis.   
3.4.5. Targets for further manipulation 
Targets for further analysis were chosen based upon the suspected influence they 
had within the individual interactions and their predicted roles within other biological 
systems. Proteins were disregarded for further analysis if they had been previously 
assessed within S. nodorum (mannitol-1-phosphate dehydrogenase, short chain 
dehydrogenase). In addition, ribosomal and heat shock proteins, as well as proteins 
involved in central carbon metabolism, also were disregarded for further analysis.  
For the remaining proteins factors such as the relative abundance change, as well 
as the number of interactions in which they were differentially regulated, were taken 
into account. Following these criteria, the 55 proteins shown to have significant 
abundance changes were condensed to a list of six, of which four were then chosen for 
assessment in this study. The first protein chosen was, Uvi1 (SNOG_10026), a near UV 
light inducible protein suspected of playing a role in conidiation in the rice pathogen 
M. oryzae (Ebbole et al., 2004), which has also been previously identified in the sensing 
of near UV light in the rice pathogenic fungi Bipolaris oryzae (Kihara et al., 2007). 
Interestingly a Uvi1 homolog was also found within the sirodesmin biosynthetic gene 
cluster in the causative agent for blackleg in brassica crops, Leptospheria maculans 
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(Gardiner et al., 2004). The second protein identified as a candidate for further analysis 
was formate dehydrogenase (Fod1, SNOG_01163). Fod1 has a role in the detoxification 
of oxalic acid in many saprotrophic fungi (Watanabe et al., 2005), as well as possibly 
being involved in the cycling of NADH/NAD+ (Slusarczyk et al., 2000). The third protein 
identified for further analysis was HSCARG (SNOG_11078), an interesting protein that 
has been predicted to be involved in the regulation of arginosuccinate synthase, a key 
enzyme in nitric oxide synthesis, though NADPH sensing (Dai et al., 2009; Zhou et al., 
2006). This ability links to other more recent studies in which HSCARG has been 
identified as a redox sensor and an inhibitor of nuclear factor-κβ (Zhang et al., 2012). 
HSCARG also harbours a conserved domain that resembles the NmrA protein from A. 
nidulans, a key protein involved in nitrogen metabolite repression (Andrianopoulos et 
al., 1998). The final protein identified under the criteria, SNOG_08052, is an unknown 
protein that shows no homology to any known proteins within available sequenced 
data repositories. The protein was significantly altered across a large number of 
interactions, with a high number of peptides identified (Appendix 1. Proteomic Mass 
Spectrometry Data). The protein has previously been identified in a study of S. 
nodorum, but not investigated further (Tan et al., 2009a). Previous assignment of this 
protein as a secreted protein of S. nodorum also appears to have been incorrect. 
3.4.5.1. Gene expression of the targets 
Assessment of gene expression has been previously performed in S. nodorum 
(IpCho et al., 2010). The previous analysis was performed via microarray and allowed 
assessment of the entire complement of transcripts. Data for the genes of interest in 
this study were compiled for both in planta and in vitro experiments and show that, 
within the in planta, all four of the genes increase between day 3 to day 7, and 
following this all three genes decrease towards day 10. The in vitro assessment that 
was previously performed is limited to early, day 4, and late, day 16, time points. The 
expression of all four genes of interest was high during the early time point, while all 
four were dramatically decreased at the late time point. Indicating that the expression 
of the genes of interest is involved at an early stage in the growth of the fungi, before 
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the onset of sporulation, and more importantly that the genes are not involved 
processes late in the development of the fungi.  
3.4.6. Conclusions 
Proteomic assessment of the mutant strains mpd1, sch1, and stuA against wildtype 
S. nodorum across the time period in which sporulation develops has revealed further 
insights into the processes that are occurring during this important developmental 
stage.  
The identification of 740 unique proteins, of which 55 were found to be 
differentially abundant, was lower than a similar, previously performed, experiment. 
However the difference in identification success may be partially due to the use of the 
iTRAQ 8-plex reagents. Despite this the study has produced more evidence towards 
the role of the enzymes Mpd1, and Mdh1 in sporulation, as well as identifying a 
number of proteins that are involved in cellular processes such as stress response, 
signalling, primary metabolism, and NAD(P)+/NAD(P)H regulation. The significant level 
of disruption to pathways involved in both stress response, such as the antioxidant 
pathways and HSP’s, and cellular remodelling, such as protein disulfide isomerases, 
was apparent for all the mutants. These pathways may be seen as generically 
important for many aspects of cellular development, and thus it is not overly surprising 
that they are regulated in consideration to the level of disruption that an inability to 
sporulate represents. 
As well as identifying many proteins that may be considered as expected to be 
observed, the analysis has identified a number potential targets. Assessment of the 
current literature, as well as previously generated microarray data, has added further 
evidence to suggest that the chosen targets, Hsc1 (SNOG_11078), Fod1 (SNOG_01163), 
Uvi1 (SNOG_10026), and SNOG_08052, may hold a key role in the regulation of 
sporulation in S. nodorum. Further assessment of these proteins via reverse genetics 
approaches will be carried out to determine the roles they facilitate in the 
development of asexual sporulation and infection. 
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Chapter 4 
Construction, characterization and analysis of 
the S. nodorum strains uvi1, fod1, and hsc1. 
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4. Construction, characterization and analysis of the S. 
nodorum strains uvi1, fod1, and hsc1 
4.1. Introduction 
Gene disruption is a powerful tool for the dissection of pathways and identification 
of the roles specific genes play in various aspect of biological development and fitness 
(Idnurm and Howlett, 2001). Reverse genetics approaches have been particularly 
successful for studying the pathways that regulate growth, development, and 
pathogenicity within S. nodorum and a selection of the mutants previously constructed 
and investigated has been discussed within the general introduction (Chapter 1) (Oliver 
et al., 2012). 
The proteomics based assessment of mpd1, sch1, and stuA mutants against 
wildtype S. nodorum discussed in the previous chapter identified fifty five proteins that 
were differentially abundant across the various comparisons. Of these, four proteins 
and their encoding genes were chosen for further characterisation based on the 
criteria described in Chapter 3. These proteins are differentially abundant across a 
range of the mutants and represent possible targets for dissecting the development of 
sporulation. 
The aim of this section is the bioinformatics assessment, construction and 
characterisation of knockout mutants for the near UV light inducible protein (Uvi1, 
SNOG_10026), a formate dehydrogenase (Fod1, SNOG_01163), and HSCARG (Hsc1, 
SNOG_11078) to determine any phenotypic changes that relate to asexual sporulation 
and pathogenicity.  
The methodologies utilised for the construction of mutants for the protein 
SNOG_08052 are the same as for uvi1 and fod1. However, validation of the construct 
as well as bioinformatic assessment and a more detailed characterisation of the 
SNOG_08052 mutant, because it has an unknown function, is described in Chapter 5. 
  
123 
 
4.2. Methods 
Table 4.1. Primers used in this section of the study. Sequences in bold text represent overlap 
areas for fusion to the appropriate hygromycin construct.  
PrimerName PrimerSequence 
01163KO5'f GAATTCGGAATAGGGGAGG 
01163KO5'r GTACTGTGTAAGCGCCCACTGCTGATGATGGAGGAGGTAG 
01163KO3'f TTGGGAGCTCGGTATAAGCACTACGCCACCAAGTCTTACG 
01163KO3'r AATCCTCATACCGCTCTTCCT 
10026KO5'f AGTCGAAGCGTGGTATCCT 
10026KO5'r GTACTGTGTAAGCGCCCACTAGGAAGTGAAATGGTGCTTG 
10026KO3'f TTGGGAGCTCGGTATAAGCAGTAGCTCGATACAATTGCAGC 
10026KO3'r AGATTGTGGAACATGGCG 
11078KO5'f GCCTACGTTAATTAAGATGTCTGCAGCTTCTTGATG 
11078KO5'r ACTTTTGGTTACGCCGTCTCCGGTAATGCCAAGAACA 
11078KO3'f ATGCATGGTTGCCTAGTGAAATCCCAAGGTCAAAACCC 
11078KO3'r TGCACGTCCTGCAGGCCAGTGGTCAACGAGATATCAT 
Hyg-overlap-F AGACGGCGTAACCAAAAGT 
Hyg-overlap-R TCACTAGGCAACCATGCAT 
YGprimerF AGTGGGCGCTTACACAGTAC 
YGprimerR GGTCAATACACTACATGGCGT 
HYprimerF AAGCATCAGCTCATCGAGA 
HYprimerR GCTTATACCGAGCTCCCAA 
01163KOscreenF ACCACCCCACCTTTTCTTC 
01163KOscreenR CTTCTCTTAGAAGACGTGCCCT 
01163KOscreenFb ACCCCACCTTTTCTTCGA 
10026KOscreenF ATGTTCAGCTGCGTAGGTG 
10026KOscreenR TCGCCTTTGAACAAGCTC 
11078ScreenR TCGGTTACCATCGGTACTTC 
11078ScreenF GCCTTTCTACCAGTCCTTTG 
4.2.1. The genes of interest 
The nucleic acid sequences that encode the proteins Fod1 (SNOG_01163), Uvi1 
(SNOG_10026), and Hsc1 (SNOG_11078), plus an additional 1 kbp from both the 5’ and 
3’ non-coding regions at each end of the gene, were imported into Vector NTI 
(Invitrogen, Australia) from the S. nodorum genome sequence available from the 
Department of Energy Joint Genome Initiative website (http://genome.jgi-
psf.org/pages/search-for-genes.jsf?organism=Stano2). Primers were designed for 
amplification from within each non-coding region, and a gene disruption construct was 
synthesised from these.  
124 
 
4.2.2. PCR conditions 
The PCR conditions for amplification of the various constructs were as follows. For 
amplification of the products of interest specific primers were used in conjunction with 
the correct template DNA. Concentrations for each of these are listed in the respective 
sections. Unless otherwise stated the reactions were performed in a final volume of 10 
μL and upscaled to 4 x 50 µL for generating sufficient product. Each reaction 
contained, along with the Primers and template of interest, 1 U TaKaRa Ex Taq™ DNA 
polymerase, 1 × TaKaRa PCR Buffer, and 10 mM dNTPs (©TAKARA BIO. INC., Japan). 
For all PCR reactions, thermal cycling consisted of an initial denaturing at 95°C for 2 
minutes followed by 35 cycles of 95°C for 30 seconds (denaturing), 57°C for 30 seconds 
(annealing), and 72°C for 1 minute/kbp (elongation), following the final cycle an 
extended elongation period at 72°C for 10 minutes was performed. 
4.2.3. Amplification of the mutant strain flanks 
The flanking 5’ and 3’ un-translated regions for the genes of interest Fod1 
(SNOG_01163), Uvi1 (SNOG_10026), and Hsc1 (SNOG_11078) were amplified from 
SN15 genomic DNA (gDNA). The initial reaction conditions listed below were used for 
trial experiments and when required, up-scaled to 4 x 50 µL reactions. The 5’ and 3’ 
flanks for each of the four genes of interest were generated using the specific 
knockout primers listed (Table 4.1). The primer and template concentrations used 
were 5 μM each of 5’f and 5’r, or 3’f and 3’r primers, and 100 ng of SN15 gDNA.  
4.2.4. Amplification of the hygromycin cassette 
The hygromycin cassette used for the construction of a selectable marker was 
amplified from the plasmid vector previously constructed and described using pAN7-1 
and pGEM-T-Easy (©Promega Corporation, Australia) (Punt et al., 1987).For the 
amplification of the hygromycin cassette the primer set HYG-overlap-F and HYG-
overlap-R was used. The reaction consisted of 5 μM each of HYG-overlap-F and HYG-
overlap-R primers and 1 ng pGEM-T-pAN7-1 DNA. 
4.2.5. Amplification of the hygromycin split-marker flanks 
To create the split-marker, the hygromycin cassette was PCR amplified in two 
sections, designated HY, and YG, with an overlapping central region using the two PCR 
primer sets, HYprimerF and HYprimerR , and YGprimerF and YGprimerR, respectively. 
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The reactions consisted of 5 μM each of HYprimerF and HYprimerR, or YGprimerF and 
YGprimerR primers, and 1 ng pGEM-T-pAN7-1 DNA. 
4.2.6. Overlap PCR construction of HYG-Hsc1KO construct 
The knockout construct for Hsc1 was developed by overlap PCR whereby the 5’ and 
3’ flanks were fused to the HYG cassette to form a single transformation construct, 
HYG-Hsc1KO.  The HYG-Hsc1KO construct was amplified using an equal molar ratios of 
the products, flank11078KO3’, flank 11078KO5’, and the HYG cassette. The primer set 
used for the amplification was 11078KO5’f and 11078KO3’r. The reactions consisted of 
0.05 μM each of 11078KO5’f and 11078KO3’r primers and equivalent amounts of each 
of the three fragments to be fused (50 - 125 fmol), in a final reaction volume of 20 μL. 
4.2.7. Fusion PCR construction of mutant strain flank-split-
marker KO constructs 
4.2.7.1. Fusion PCR YG-5’flank construction 
Unlike Hsc1, splitmarker knockout constructs were developed for Fod1KO and 
Uvi1KO. To do this, the 5’ flanks for the individual constructs were fused to the YG 
product to produce Fod1KO5’-YG and Uvi1KO5’-YG using the primer pairs 01163KO5’f 
and YGprimerR, and 10026KO5’f and YGprimerR, respectively. The reactions consisted 
of 0.05 μM each of 01163KO5’f and YGprimerR, or 10026KO5’f and YGprimerR primers 
and equal molar concentration of 5’ flank and YG products, between 50 to 125 fmol, in 
a final reaction volume of 10 μL. 
4.2.7.2. Fusion PCR HY-3’flank construction 
As per the YG-5’ flanks, the 3’ flanks for Fod1KO and Uvi1KO were individually 
fused to the HY product to produce Fod1KO3’-HY and Uvi1KO3’-HY using the primer 
pairs 01163KO3’r and HYprimerF, and 10026KO3’r and HYprimerF, respectively. The 
reactions consisted of 0.05 μM each of 01163KO3’r and HYprimerF, or 10026KO3’r and 
HYprimerF primers and equal molar concentration of 3’ flank and HY products, 
between 50 to 125 fmol, in a final reaction volume of 10 μL.  
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4.2.8. Screening of transformants 
Primers were designed to amplify the region of DNA targeted for deletion from 
outside the homologous insertion site. This allowed differentiation of correct insertion 
against ectopic insertion, as well as providing a positive control for the amplification. 
Mutants were initially chosen because they were able to grow on hygromycin (as 
per section 2.8.3) and subsequently screened using PCR. 
The screening was performed using primer pairs 01163KOscreenFb and 
01163KOscreenR, 10026KOscreenF and 10026KOscreenR, and 11078KOscreenF and 
11078KOscreenR. Amplification of successful disrupted transformants for Fod1, Uvi1, 
and Hsc1 resulted in products of sizes 4816 bp, 4943 bp, and 6061 bp respectively, 
whilst incorrect disruption resulted in products of sizes 2898 bp, 3386 bp, and 4265 bp 
respectively. The reactions consisted of 5 μM each of 01163KOscreenF and 
01163KOscreenR, 10026KOscreenF and 10026KOscreenR, or 11078KOscreenF and 
11078KOscreenR primers, and 10-100 ng of transformant gDNA.  
4.2.9. Osmotic stress tolerance 
In addition to the standard characterisation assessments the fod1 mutants were 
also assessed for tolerance to increasing osmotic pressure. This was performed via 
growth on MM plates containing sucrose as the sole carbon source with increasing 
concentrations of sodium chloride as an inducer of osmotic stress.  
4.2.10. Bioinformatics software packages 
Determination of protein identity was performed via BLASTP analysis using the 
NCBI protein blast website (http://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins) 
(Altschul et al., 1990). BLASTP was also used to provide predictions for the presence of 
any conserved domains based on specific enzymatic functionality and enzymatic super 
family classifications within the sequences’ of interest. 
Visualisation of sequence alignment was performed using the Clustal Omega online 
software tool available from the European bioinformatics institute 
(http://www.ebi.ac.uk/Tools/msa/clustalo/) (Sievers et al., 2011). 
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The bioinformatics tools available from the Center for Biological Sequence analysis 
(CBS) at the Danish Technical University (http://www.cbs.dtu.dk/services/) were used 
for analysis of signal peptides (SignalP Version 4.1) (Petersen et al., 2011), 
transmembrane domain determination (TMHMM) and cellular location prediction 
(TargetP version 1.1) (Emanuelsson et al., 2000; Nielsen et al., 1997). The presence of 
Pfam domains was assessed using the search algorithm available from the Sanger 
Institute (http://pfam.sanger.ac.uk/). 
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4.3. Results 
4.3.1. Bioinformatics assessment and disruption of Uvi1 
(SNOG_10026) 
The putative name, Uvi1, for the protein SNOG_10026 was determined from 
BLASTP analysis of the identified protein sequence. This revealed a high level of 
similarity of the SNOG_10026 protein to hypothetical proteins from several fungal 
plant pathogens as well as a previously identified UVI-1 protein from both the 
causative agent of rice brown spot Cochliobolus miyabeanus (identity 73% E-value 4e-
89), and the plant pathogen Verticillium albo-atrum (identity 67% E-value 1e-78). In 
addition, no conserved protein domains present in the Uvi1 sequence that could be 
used to imply enzymatic functionality. 
Sequence alignment assessment of the Uvi1 protein against the sequences of the 
closely related proteins identified during the BLASTP analysis highlighted the sequence 
similarity between the various species and confirms the confidence in the classification 
as a probable UVI-1 homolog (Figure 4.1). 
Bioinformatics analysis to determine the possible cellular localisation of the protein 
revealed the presence of a probable Signal peptide cleavage site at Serine-23 (Figure 
4.2). Analysis with TMHMM predicted the protein to be extracellular with no 
transmembrane helices present. TargetP analysis confirmed the results of both SignalP 
and TMHMM, predicting the protein to be secreted with a high level of statistical 
significance (Table 4.2).  
Table 4.2 TargetP assessment of localization for Uvi1 protein. 
Protein Name Mitochondrial 
target peptide  
SignalP 
4.1 score 
Other Predicted 
localisation 
Reliability 
class * 
Uvi1(SNOG_10026) 0.103 0.862 0.030 Signal peptide 2 
*Reliability Class from 1-5 (1 indicates strongest and 5 indicates weakest prediction). 
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Figure 4.1 Clustal alignment of the Uvi1 (SNOG_10026) protein against a hypothetical protein 
from Leptospheria maculans [E5A5Q3], and the UVI-1 proteins from C. miyabeanus [Q9P338] 
and V. albo-atram [G2X2K6]. 
 
Figure 4.2 Prediction of signal peptide motif and cleavage site in the Uvi1 protein sequence. 
Raw cleavage site score (C-score), signal peptide score (S-score), and combined cleavage site 
score (Y-score).  
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To disrupt the Uvi1 gene, a split-marker knockout construct was created. After 
confirmation of the correct synthesis of the knock out construct components, 
disruption of the gene was performed via homologous recombination of the two split-
marker constructs into S. nodorum protoplasts. Correct insertion of the split-marker 
constructs resulted in a second recombination event that introduced a complete 
hygromycin cassette, and the consequently hygromycin resistance, into the mutants.  
Twenty-eight transformants were collected and named sequentially as uvi1-1, 
through uvi1-28. The mutants were screened to confirm correct insertion of the 
disruption construct via PCR. Three mutants were found to have the correct PCR 
product (4.8 kbp), which confirmed non-ectopic insertion (Figure 4.3). The three 
mutants, uvi1-7, uvi1-14, and uvi1-17 exhibited a similar phenotype on growth media 
and were used for subsequent characterisation.  
 
Figure 4.3 PCR screening confirmation of uvi1 mutants, bands at 4.8 kbp correspond to correct 
insertion into the genome sequence whereas a band at 2.8 kbp indicates the original gene 
(SN15 = wildtype) 
4.3.2. Bioinformatics assessment and disruption of Fod1 
(SNOG_01163) 
The putative name, Fod1, for the protein SNOG_01163 was determined through 
BLASTP analysis of the identified protein sequence. The Fod1 protein revealed a high 
sequence similarity to a previously identified NAD+-dependent formate dehydrogenase 
from several species of Aspergillus, with identity determined as greater than 80% and 
E-values of 0. The sequence also shares a high level of similarity with sequences from 
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several fungal plant pathogens including Pyrenophora teres f. teres, Sclerotinia 
sclerotiorum and Pyrenophora tritici-repentis (Figure 4.4). Assessment of any potential 
conserved domains revealed that the sequence contains multiple nucleotide binding 
sites, as well as a number of ligand binding sites and several predicted catalytic sites. 
Along with the binding sites, a specific match for a formate dehydrogenase (FDH) 
domain was identified which belongs to the formate/glycerate dehydrogenase 
superfamily (Figure 4.5). Validation for the protein family domains was performed 
using the search algorithm available from the Sanger Institute 
(http://pfam.sanger.ac.uk/). This confirmed the presence of a catalytic domain for a D-
isomer specific 2-hydroxyacid dehydrogenase, of which formate is closely related.  
Assessment of Fod1 cellular localisation by TargetP predicted the protein to be 
localised to the mitochondria with a high level statistical probability. Along with this 
the Fod1 sequence contained no transmembrane domains nor was it determined to 
contain a SignalP motif (Table 4.3). 
Table 4.3 TargetP assessment of localization for Uvi1. 
Protein Name Mitochondrial 
target peptide  
SignalP 
4.1 score 
Other Predicted 
localisation 
Reliability 
class * 
Fod1(SNOG_01163) 0.978 0.008 0.050 Mitochondrial 1 
*Reliability Class from 1-5 (1 indicates strongest and 5 indicates weakest prediction). 
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Figure 4.4 Clustal alignment of the Fod1 (SNOG_01163) amino acid sequence showing the 
similarity to previously identified formate dehydrogenases from A. clavatus [A1CM42], S. 
sclerotiorum [A7EUN0] and P. tritici-repentis [B2W1X2]. 
 
Figure 4.5 Putative conserved domains within the SNOG_01163 protein sequence. 
The Fod1 splitmarker knockout construct was transformed into S. nodorum 
protoplasts in the same way as for Uvi1. Twenty-eight mutants were collected and 
named sequentially as fod1-1, through fod1-28. The mutants were screened to confirm 
correct insertion of the disruption construct via PCR. Two mutants were found to have 
the correct PCR product (5 kbp), confirming correct insertion (Figure 4.6). The two 
mutants, fod1-13 and fod1-20, exhibited a similar phenotype on growth media and 
were used for subsequent characterisation.  
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Figure 4.6 PCR screening confirmation of fod1 mutants, bands at 5 kbp correspond to correct 
insertion into the genome sequence, whereas a band at 3.6 kbp indicates the wildtype (SN15) 
sequence. 
4.3.3. Bioinformatics assessment and disruption of Hsc1 
(SNOG_11078) 
The putative name, Hsc1, for the protein SNOG_11078 was determined via BLASTP 
analysis of the protein sequence. The protein that shared the highest sequence 
similarity with SNOG_11078 was a hypothetical protein from causal agent of Northern 
leaf blight in corn, Setospheria turicia (identity 79%, E-value 0). The closest named 
protein was the HSCARG dehydrogenase protein from the eurotiomycete Talaromyces 
stipitatus (identity 44%, E-value 2e-82). The protein HSCARG dehydrogenase is an 
NmrA-like atypical short chain dehydrogenase/reductase that has been shown to 
down regulate argininosuccinate synthase activity (Zhao, 2008). The Hsc1 protein also 
revealed a lower level of identity to an NmrA-like protein from F. oxysporum (identity 
37%, E value 2e-60) (Figure 4.7). 
Hsc1 was previously identified as an extracellular cellular protein that is 
differentially abundant in wild type S. nodorum in comparison to a gna1 mutant (Tan 
et al., 2009a). However, analysis of the Hsc1 sequence with the latest version of 
SignalP fails to detect the presence of a signal peptide region or a cleavage site (Figure 
4.8). Conserved protein domains and features of interest were assessed through the 
BLASTP analysis and showed the presence of multiple nucleotide binding sites, in 
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addition to an NmrA-like Short chain dehydrogenase/reductase domain that fits inside 
the greater Rossman-fold domain super family (Figure 4.9). 
Table 4.4 TargetP assessment of localization for Uvi1. 
Protein Name Mitochondrial 
target peptide  
SignalP 
4.1 score 
Other Predicted 
localisation 
Reliability 
class 
Hsc1(SNOG_11078) 0.475 0.158 0.193 Mitochondrial 4 
*Reliability Class from 1-5 (1 indicates strongest and 5 indicates weakest prediction). 
 
 
Figure 4.7 Clustal alignment of Hsc1 (SNOG_11078) amino acid sequence against a 
hypothetical protein from Setosphaeria turcica [R0IA11], the Hscarg protein from Talaromyces 
stipitatus [A0A0B8MZ48] and the NmrA-like protein from Fursaium oxysporum [N4TVG5]. 
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Figure 4.8 Prediction of signal peptide motif and cleavage site in the Hsc1 sequence. Raw 
cleavage site score (C-score), signal peptide score (S-score), and combined cleavage site score 
(Y-score). 
 
Figure 4.9 Putative conserved domains in the Hsc1 protein sequence. 
To disrupt the Hsc1 gene a knockout construct was inserted into S. nodorum 
protoplasts. Following transformation sixty mutants were collected and named 
sequentially as hsc1-1, through hsc1-60. The mutants were screened to confirm correct 
insertion of the disruption construct via PCR (Figure 4.10). Two mutants were found to 
have the correct PCR product confirming correct insertion (6 kbp). The two mutants, 
hsc1-45, and hsc1-53, exhibited a similar phenotype on growth media and were used 
for subsequent characterisation.  
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Figure 4.10 PCR screening confirmation of hsc1 mutants, bands at 6 kbp correspond to correct 
insertion into the genome sequence (SN15 = wildtype). 
4.3.4. Characterisation of the uvi1 mutants 
4.3.4.1. Growth assays 
Radial growth was compared on MM (Figure 4.11) or complete media (V8PDA) 
(Figure 4.12). Although growth rates were not perturbed in the uvi1 mutants, visual 
assessment of the mutants compared to wildtype showed a green hue compared to 
the very pink phenotype of the SN15 wildtype strain. This phenotype was observed 
during the entire growth period of the mutants and became more apparent after 13 
days growth (Fig. 4.13). Growth of the uvi1 strains either in liquid MM or on solid MM 
with sucrose as the sole carbon source was comparable to the wildtype (Fig. 4.14, 
4.15). However, as the Uvi1 gene was identified based on a proteomics screen of 
sporulation deficiencies, the growth of the uvi1 strains was also assessed in the 
presence of mannitol. Mannitol as previously been identified as a key metabolite 
influencing the ability of S. nodorum to sporulate (Solomon, 2006). Growth of the uvi1 
strains either in liquid MM or on solid MM with mannitol as the sole carbon source 
produced significantly lower biomass production compared to wildtype (Figure 4.14 & 
4.15). 
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Figure 4.11 Radial growth assessments of uvi1 mutants compared to the wildtype strain when 
grown on MM supplemented with sucrose (30 g/L). Means ± SEM, n=3 from duplicate 
experiments (average SEM = 0.5 mm) 
 
 
Figure 4.12 Radial growth assessments of uvi1 mutants compared to the wildtype strain when 
grown on complete media (V8PDA). Means ± SEM, n=3 from duplicate experiments (average 
SEM = 0.4 mm). 
Wildtype 
uvi1-14 
uvi1-17 
Ectopic 
Wildtype 
uvi1-14 
uvi1-17 
Ectopic 
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Figure 4.13 Growth of uvi1 mutants compared to wildtype strain when grown on MM 
supplemented with sucrose (30 g/L) (n=3 of duplicate experiments). Petri dish diameter = 
90mm. 
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Figure 4.14 Growth of uvi1 mutants compared to wildtype strain when grown in liquid MM 
supplemented with either sucrose or mannitol for 5 days (Means ± SEM, n=3 from duplicate 
experiments). 
 
 
Figure 4.15 Growth of uvi1 mutants compared to the wildtype strain when grown on solid MM 
supplemented with either sucrose or mannitol for 11 days. (Means ± SEM, n=3 from duplicate 
experiments). 
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4.3.4.1. Sporulation assays 
Sporulation of the uvi1 strains was assessed on MM agar plates containing sucrose 
as the sole carbon source; the ability of the uvi1 strains to sporulation was comparable 
to both the wildtype SN15 strain and the ectopic strain (Figure 4.16). 
4.3.4.2. Pathogenicity assays 
Pathogenicity assays were performed on two-week old wheat seedlings using 
spores suspended in water with the surfactant Tween20 (0.02%). The pathogenicity of 
the uvi1 strains was not significantly lower than that of either the wildtype SN15 strain, 
or the ectopic control on intact seedling plants (Figure 4.17). 
4.3.4.3. Effect of light on the uvi1 mutant 
The Uvi1 gene has previously been identified as associated with the ability of the 
fungal pathogen Exoserohilum turcicum to form conidia, as well as being associated 
with the ability of the fungi to respond to various light sources, particularly blue light 
and near UV light (Flaherty and Dunkle, 2005). This observation, in a closely related 
fungal species, prompted the investigation of the effect of light regime on the ability of 
S. nodorum to grow and produce viable pycnidia.  
Three light regimes were tested to assess the growth of the mutants compared to 
wildtype, with continuous light, continuous dark, or a four hour light period with 
twenty hours of dark. Whilst there was a visibly different phenotype produced in the 
three lighting regimes there was no significant phenotypical difference between the 
wildtype and the mutants (Figure 4.18). Sporulation of the uvi1 strain was also 
assessed under the three lighting regimes. Continuous light, continuous dark, or a four 
hour light period did not affect the ability of the mutants to sporulate compared to the 
wildtype (Figure 4.19). 
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Figure 4.16 In vitro determination of sporulation for uvi1 mutants compared to wildtype when 
grown on MM plus sucrose (30 g/L). Means ± SEM, n=5 from triplicate experiments. 
 
 
Figure 4.17 In planta pathogenicity comparison of the uvi1 mutants compared to wildtype via 
the whole plant spray pathogenicity assay. Means ± SEM, n=6 from duplicate experiments. 
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Figure 4.18 Growth of uvi1 mutants compared to the wildtype SN15 strain on MM agar plus 
sucrose (30 g/L) under either continuous light (Light), continuous dark (Dark), or a 4 hour light 
20 hour dark rotation (Cycled) Scale bar = 10 mm. 
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Figure 4.19 Sporulation of uvi1 mutants compared to the wildtype SN15 strain on MM agar 
plus sucrose (30 g/L) under either continuous light (Light), continuous dark (Dark), or a 4 hour 
light 20 hour dark rotation (Cycled). Means ± SEM, n=3 from duplicate experiments. 
4.3.5. Characterisation of the fod1mutants 
4.3.5.1. Growth assays 
The ability of the fod1 mutants to grow was assessed by growth on MM agar plates 
containing sucrose as the sole carbon source. This did not cause any disruption to the 
ability of the mutants to grow. However, in a similar fashion to the uvi1 mutants, the 
mycelia of the fod1 mutants had a green colouration (Figure 4.20). Radial growth 
measurements showed that the fod1 mutants grew at the same rate as the wildtype 
strain on complete media (V8-PDA) (Figure 4.21), and MM supplemented with sucrose 
(Figure 4.22). Assessment of growth via dry weight showed comparable growth rates 
of the fod1 mutants compared to the wildtype SN15 strain on MM with sucrose as the 
sole carbon source (Figure 4.23). Sporulation in the fod1 mutants was analysed on MM 
with sucrose as the sole carbon source. The mutants showed no significant decrease in 
spore count numbers compared to the wildtype SN15 strain and the ectopic control 
(Figure 4.24). 
4.3.5.2. Pathogenicity assays 
Pathogenicity of the fod1 mutants was assessed against the susceptible wheat 
cultivar Grandin. The ability of the mutants to cause infection was not significantly 
different to that of the wildtype SN15 strain, or the ectopic (Figure 4.25) 
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Figure 4.20 Growth of fod1 mutants on MM agar plus sucrose (30 g/L). Petri dish diameter = 
90mm (n=3 of duplicate experiments). 
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Figure 4.21 Radial growth assessments of fod1 mutants on complete media (V8PDA) agar 
plates. Means ± SEM, n=3 from duplicate experiments (average SEM = 0.5 mm). 
 
Figure 4.22 Radial growth assessments of fod1 mutants on MM agar supplemented with 
sucrose (30 g/L) Means ± SEM, n=3 from duplicate experiments (average SEM = 0.4 mm). 
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Figure 4.23 Assessment of growth of the fod1 mutants’ dry weight from growth on MM agar 
supplemented with sucrose (30 g/L). Mean ± SEM, n=3 from duplicate experiments. 
 
Figure 4.24 In vitro sporulation of the fod1 mutants on MM agar supplemented with sucrose 
(30 g/L). Means ± SEM, n=5 from triplicate experiments. 
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Figure 4.25 In planta pathogenicity of the fod1 mutants via the whole plant spray 
pathogenicity assay. Means ± SEM, n=6 from duplicate experiments. 
4.3.5.3. Effect of osmotic stress 
Stress response pathways, and the associated signalling cascades, within fungal 
pathogens have been shown to be highly interconnected (Bahn, 2008). As such 
investigations that trigger a single stress response have the potential to identify more 
distally associated elements. A previous assessment of the response of S. nodorum to 
osmotic stress has demonstrated the diversity of alterations this causes (Lowe et al., 
2008). The osmotic stress tolerance of the fod1 mutants was assessed by growing the 
mutants on MM agar at a range of sodium chloride concentrations. 
Growth of the mutants was not significantly different to that of the wildtype under 
osmotic stress (Figure 4.26). Sporulation of the fod1 mutants was not significantly 
different to the wildtype SN15 strain when sodium chloride was absent from the 
media. However, in the presence of 0.1 M and 0.25 M sodium chloride there was a 
significant decrease in sporulation as determined via Students T-test (p-value <0.01) 
(Figure 4.27).  
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Figure 4.26 Growth of fod1 mutants compared to wildtype SN15 strain on MM agar containing 
30 g/L sucrose and increasing concentrations of NaCl for 13 days. Means ± SEM, n=3 from 
duplicate experiments. 
 
Figure 4.27 Sporulation of fod1 mutants compared to wildtype SN15 strain on MM agar 
containing 30 g/L sucrose and increasing concentrations of NaCl determined after 13 days. 
Means ± SEM, n=3 from duplicate experiments. 
  
Sporulation on minimal media with NaCl 
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4.3.6. Characterisation of the hsc1 mutants 
4.3.6.1. Growth assays 
The hsc1 mutants were assessed for their ability to grow on MM with either 
sucrose or mannitol as the sole carbon source. The hsc1 mutants were 
indistinguishable from that of the wildtype SN15 strain when grown on MM agar 
containing sucrose as a carbon source. The polyol mannitol has previously been shown 
to be an important metabolite that plays an as yet not completely understood role in 
the development of sporulation. As such, the assessment of growth was performed on 
this important metabolite. The growth was not significantly different to that of the 
wildtype SN15 strain (Figure 4.28). The hsc1 mutants also showed no significant 
reduction in the number of spores that were present following growth under normal 
conditions on either complete media (V8-PDA) or MM with either sucrose or mannitol 
as the sole carbon source (Figure 4.29) however, it should be noted that growth on 
MM produces less spores. Consistent with this, the hsc1 mutation caused no significant 
disruption to the ability of S. nodorum to sporulate in planta (Figure 4.30). 
4.3.6.2. Pathogenicity assays 
Pathogenicity of the hsc1 mutants was assessed in planta via detached leaf assays. 
In a continuation of the growth assays, the pathogenicity of the hsc1 strains was also 
assessed following growth on MM agar. No difference in pathogenicity was observed 
for the mutant strains compared to the wildtype in either condition (Figure 4.31). 
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Figure 4.28 Growth of hsc1 mutants on MM agar with either sucrose or mannitol as the sole 
carbon source at 30 g/L. Mean ± SEM, n=3 of duplicate experiments. 
 
Figure 4.29 In vitro sporulation of hsc1 mutants, assessed against the wildtype SN15 strain. 
Spore counts are from growth on solid agar plates of either complete media (V8PDA) or MM 
with either sucrose or mannitol as the sole carbon source at 30 g/L. Mean ± SEM, n=3 of 
duplicate experiments. 
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Figure 4.30 In planta sporulation of hsc1 strains following growth of the fungi on either 
mannitol or sucrose (30 g/L) as the sole carbon source prior to inoculation. Means ± SEM, n=5 
of duplicate experiments assessed after 12 days. 
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Figure 4.31 Pathogenicity assessments of the hsc1 mutants compared to the wildtype strain. 
Leaf sections were inoculated the S. nodorum strain of interest grown on agar supplemented 
with either sucrose or mannitol (30 g/L). Uninfected agar plugs and tween20 droplets were 
used for the controls. Scale bar = 10 mm. Representative images at 12 days post inoculation 
(n=5, duplicate experiments) 
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4.4. Discussion 
Reverse genetics approaches for the disruption and deactivation of specific genes 
has been a valuable technique in previous studies of S. nodorum, and it has once again 
proven as a viable and useful approach. The disruption of the three genes described in 
this chapter allowed an assessment of their impact on the development of sporulation 
within S. nodorum. In addition it has allowed broader phenotypic traits to be identified 
in these mutants related to both vegetative growth and pathogenicity. 
4.4.1. Characterisation of Uvi1 
The role of the Uvi1 protein has previously been linked to the ability of the fungi to 
respond to light, with altered growth patterns previously observed within Bipolaris 
oryzae (Kihara et al., 2001; Moriwaki et al., 2006). The Uvi1 gene has been identified in 
both M. oryzae and E. turcicum and was found to be induced during the development 
of conidia (Flaherty and Dunkle, 2005; Moriwaki et al., 2006). A homolog of Uvi1 has 
been identified within the sirodesmin biosynthetic gene cluster of L. maculans 
(Gardiner et. at. 2004), and a link between secondary metabolism and sporulation has 
previously been established (Brodhagen and Keller, 2006) which made further 
investigation into its role in S. nodorum enticing.  
Deactivation of the Uvi1 gene within S. nodorum did not significantly affect the 
ability of the fungi sporulate or cause infection in a susceptible host. An interesting 
observation from the uvi1 mutant was the reduced growth on the mannitol as a sole 
carbon source. Why this is the case is unknown, however these data add further 
evidence to the importance of mannitol to S. nodorum growth and development. 
4.4.2. Characterisation of Fod1 
Formate dehydrogenase is a well characterised enzyme which catalyses the 
reaction of formate to CO2. Previous research on has examined its role in the 
detoxification of oxalic acid (Watanabe et al., 2010), and its role coupling to nitrate 
reductase as a source of electrons and the generation of proton motive force 
(Jormakka et al., 2002; Kuwazaki et al., 2003). Within filamentous fungi, a far less 
rigorous assessment of its role has been performed, however it has been identified 
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during proteomic analysis of the phytopathogen B. cinerea during callose degradation 
(Fernandez-Acero et al., 2009). 
Taken together this may indicate that Fod1 has more of a role during the 
saprophytic stage of growth, as the detoxification of oxalic acid and the production 
during growth on callose are more related to growth on dead tissue. What role it plays 
in S. nodorum remains to be confirmed although a speculative role could be associated 
with the NAD+-dependence of this enzyme, as noted before the NAD(P)H /NAD(P)+ 
ratio has been found to be involved in aspects of fungal development within M. oryzae 
(Fernandez and Wilson, 2011). 
Deletion of Fod1 caused no disruption to growth, pathogenicity, or sporulation 
under normal conditions. However, when grown in the presence of an increased 
osmotic stress, there was a significant decrease in the ability of the fod1 mutants to 
sporulate compared to the wildtype and ectopic strains. Within certain fungal species, 
stresses such as nutrient limitation have been shown to be sufficient to cause 
sporulation (Adams et al., 1998). However within A. nidulans, redox pathways have 
been directly linked to signal transduction of stress that can lead to a decrease in 
sporulation (Vargas-Perez et al., 2007). Within S. nodorum a link between osmotic 
stress and sporulation is not so clear; however, as in planta sporulation will typically 
occur in necrotic tissue, there is a high likelihood that this environment will induce 
osmotic stress. No significant phenotypic differences have been observed for S. 
nodorum when exposed to either salt stress or osmotic shock. Previous metabolic 
analysis of S. nodorum revealed a variety of alterations in the metabolite profile under 
salt induced osmotic stress (Lowe et al., 2008). However, the previous study was 
primarily concerned with the solutes involved in stress tolerance, and as no phenotypic 
alterations in the growth were apparent it was perhaps not surprising that the 
metabolite mannitol, which has previously been linked to sporulation, was not 
significantly altered in abundance. 
4.4.3. Characterisation of Hsc1 
HSCARG is an atypical NmrA-like short chain dehydrogenase/reductase. Published 
literature on the role of HSCARG  has determined that it acts as a sensor for NADPH 
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within the cell (Zheng, 2007), whilst other studies have linked this protein to a role in 
the regulation of nitric oxide (Zhao et al., 2008), a key signalling molecule and 
regulator of many cellular functions (Patel et al., 1999). Indeed analysis of HSCARG 
through crystallography revealed that it was allosterically regulated by NADPH (Dai et 
al., 2009). 
Analysis of Hsc1 showed that the protein shared partial sequence homology with 
the NmrA protein from A. nidulans, a protein known as a key element in the regulation 
of nitrogen metabolites (Andrianopoulos et al., 1998). The NmrA protein was also 
shown to have a short chain dehydrogenase conserved domain (Stammers et al., 
2001), an interesting feature that has previously been linked to both sporulation and 
secondary metabolite production (Tan et al., 2008). 
A previous study in S. nodorum found it to be present in the secreted proteins of 
wildtype but not present in the secreted proteins of gna1; a strain which displays 
numerous defects including disrupted sporulation (Tan et al., 2009a). Expression of 
Hsc1 in the previous microarray study showed that maximal expression was at day five, 
representative of the mid infection period, a time at which the initiation of sporulation 
may occur (IpCho et al., 2010). 
However despite this partial homology to interesting regulatory proteins in other 
biological systems, the characterisation of the hsc1 mutants showed that, under the 
conditions tested, it is not required for growth, development, or pathogenicity. Growth 
of the hsc1 mutants was comparable to that of wildtype, and sporulation developed in 
a manner that was indistinguishable to that of the wildtype. 
Under the tested conditions hsc1 mutants can be surmised to not affect growth 
and development. However, as with all reverse genetics approaches’, determining the 
effect of a mutation requires assessment against the correct conditions to bring out 
the disrupted phenotype.  
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4.5. Conclusions 
Results from the phenotypic analysis of S. nodorum strains uvi1, fod1, and hsc1 
highlight the difficulties in performing targeted reverse genetics. As the strains were 
only able to be tested against a limited number of growth assays and conditions, it is 
possible that an interesting phenotype was missed. In regard to the aim of the study 
the most interesting phenotype identified from the three strains analysed was that of 
fod1 when grown on high concentrations of salt. A reduced ability to sporulate when in 
the presence of salt, albeit minor, suggests that the Fod1 protein may play a minor role 
in the development of asexual sporulation in S. nodorum. Furthermore, this may 
suggest that the Fod1 protein aids the fungus in the maintenance of normal cellular 
functions (i.e. sporulation) under stressed conditions.  
The observation of a phenotype showing a reduced ability to sporulate supports 
the use of future untargeted proteomics studies for the identification of potential 
targets of biological functions. It also highlights the hit and miss nature of targeted 
gene disruption experiments, although when assessed in comparison to untargeted 
gene disruption, in which thousands of mutants must be screened, it shows the 
significant strength of the approach used.  
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Chapter 5 
Characterisation and metabolite analysis of the 
S. nodorum strain SNOG_08052 
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5. Characterisation and Metabolite Analysis of S. nodorum 
strain SNOG_08052 
5.1. Introduction 
The proteomic assessment of three known sporulation mutants carried out within 
chapter 3 produced a list of target proteins that may be influential for development 
and sporulation in S. nodorum. This chapter aims to characterise the effect of 
disruption of the SNOG_08052 protein within S. nodorum. SNOG_08052 was identified 
as a potentially interesting target for further investigation via the proteomic 
assessment of the sporulation mutants described within Chapter 3. It was observed to 
have significantly altered protein abundances between four different interactions. 
SNOG_08052 was decreased in relative abundance compared to the wildtype in the 
stuA strain pre-sporulation, decreased in relative abundance within the sch1 strain at 
the post sporulation time point compared to the sch1 pre-sporulation time point, and 
highly increased in relative abundance in the mpd1 strain at both the pre- and post-
sporulation time points compared to the wildtype. Construction of the SNOG_08052 
knockout mutant was performed using the same methodologies as for the uvi1 and 
fod1 mutants in Chapter 4, however, the SNOG_08052 knockout mutant was chosen 
for a more thorough investigation. This has included enzymatic assessment of the 
mutant’s ability to metabolise mannitol, as well as a non-targeted metabolomics 
investigation of the fungi during growth on minimal media.  
5.1.1. Metabolomics  
Metabolomics is another of the “omics” technologies that has been used in 
successfully dissecting biological phenotype, particularly in fungi (Gummer et al., 2013; 
Solomon et al., 2005a; Tan and Oliver, 2014). Like transcriptomics and proteomics, it 
takes a snapshot of the conditions that are present at a chosen time point. However, 
as it looks at the metabolites and not the proteins or the genes that are being 
expressed, it is a powerful tool for gaining information about the endpoints of the 
reactions (Prince and Pohnert, 2010). Thus, where transcript numbers have been 
found to be untrustworthy predictors of protein expression, and where the enzymatic 
activities of proteins may vary due to numerous modifications and regulatory factors, 
the metabolite profile provides an indicator of the conditions within the chosen 
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system. Given accurate information regarding the metabolome, it is possible to infer 
the pathways that are required for various aspects of growth and development and it 
is possible to determine potential targets for their regulation. Shotgun metabolomics is 
the non-targeted metabolite profiling of a system in order to determine the 
metabolome. Metabolites are regarded as the low molecular weight entities of a 
system and the metabolome in turn is the specific set of metabolites present under 
one set of conditions. Like proteomics, a high degree of separation through 
appropriate chromatographic methodologies is required to confidently identify the 
highest number of targets within a sample.  
Metabolites do not belong to a specific class of compounds but encompass a broad 
range of molecules with an equally broad range of physical and chemical properties. 
The low mass of many of the compounds allows for high quality separation via gas or 
liquid chromatography and a large range of protocols have been developed to take 
advantage of these (Issaq et al., 2009). Typically, extraction of metabolites will be 
targeted for specific classes, and when complementary extraction techniques are used, 
a more holistic view of the metabolites can be determined. As the abundance of many 
metabolites is dependent on the activity the enzymes, the enzymatic activity of the 
sample being tested must be inactivated as quickly as possible. To this end the 
extraction of metabolites from a sample will typically involve sub-freezing 
temperatures and the use of solvents that deactivate the activity of enzymes. Solvent 
extraction of compounds using cold methanol allows aqueous metabolites to be 
isolated and enzymes to be inactivated at the same time. The detection of metabolites 
by mass spectrometry is also aided by the relatively small size of many metabolites. In 
the field of metabolomics, metabolites are often defined as molecules smaller than 
1000 – 1500 Da in size (Samuelsson and Larsson, 2008). Mass spectrometer detectors 
are typically more accurate and sensitive for masses below approximately 2000 Da. 
Metabolomics makes use of this inherent advantage and when coupled to highly 
reproducible chromatographic techniques, such as gas chromatography, offers a 
sensitive, accurate, and highly reproducible methodology. There are still limitations 
that must be overcome as many metabolites, such as sugars and lipids share either 
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highly similar structural components or isobaric masses which makes differentiation of 
the precise metabolite complicated.   
 The production of secondary metabolites from fungi has been of interest to 
researchers ever since the discovery of antibiotics. Fungi produce a large range of 
secondary metabolites that have roles in a range of cellular processes. This has led to 
the characterisation of a large number of well-known mycotoxins, antibiotics and 
pharmaceuticals such as aflatoxin, penicillin and lovastatin (Liu and Niswander, 2005). 
5.1.2. Previous metabolomics analyses of S. nodorum 
As explained in the general introduction, the use of various “omics” techniques and 
methodologies has greatly aided in the characterisation of S. nodorum. Metabolite 
profiling studies have proven very successful in the dissection of various aspects of S. 
nodorum metabolism with trehalose synthesis, as well as osmotic stress, mycotoxin 
production, the role of the transcription factor StuA, and, recently, the G-protein 
signalling mutants of S. nodorum all previously subjected to dissection in this manner.  
Significant findings from the studies that have been carried out include the 
requirement of trehalose for development of pycnidia (Lowe, 2006; Lowe et al., 2009), 
the identification of the polyol’s arabitol and glycerol as stress related metabolites 
(Lowe et al., 2008). Metabolomics has also played a key role in determining that 
mannitol is required for sporulation in filamentous fungi, and that the mannitol 
metabolism operates in two distinct spurs as opposed to the classical mannitol cycle 
model (Solomon et al., 2005a; Solomon et al., 2006d; Solomon et al., 2007). A broader 
overview of the changes in metabolite levels have also been found by metabolomic 
analysis of the S. nodorum mutant’s for gna1, gba1, and ggaA. Their analysis has 
revealed disruptions to sugar metabolism, in particular trehalose and glucose. 
Metabolite profiling has also revealed the capacity of S. nodorum to synthesize the 
mycotoxin alternariol (Tan et al., 2009b). 
For the dissection of S. nodorum, metabolomics has been proven a powerful tool, 
and when used in conjunction with other analytical tools, it has provided significant 
insights into numerous aspects of metabolism in this important fungal plant pathogen. 
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The aim of this section is the characterisation and metabolic profile analysis of 
SNOG_08052KO mutants to determine any phenotypic changes that relate to asexual 
sporulation and pathogenicity.  
162 
 
5.2. Materials and methods 
5.2.1. Bioinformatics analysis  
In addition to the resources listed in Chapter 4 for the bioinformatics assessment of 
Fod1, Uvi1 and Hsc1, a selection of bioinformatics tools available from the Centre for 
Biological Sequence analysis (CBS) at the Danish Technical University 
(http://www.cbs.dtu.dk/services/) were used to predict post translational modification 
sites as well for the prediction of non-classical secretory pathways. Nuclear export 
signal prediction was performed using the NetNES software package (Wang et al., 
2009). In a further effort to determine the possible secondary and tertiary structure of 
the SNOG_08052 protein, as well as predict the possible function, the amino acid 
sequence was analysed using the I-TASSER online software package (Version3.0) (Roy 
et al., 2010; Roy et al., 2012; Zhang, 2008)  
5.2.2. Construction of the SNOG_08052KO mutants 
Amplification of the SNOG_08052KO splitmarker construct was performed as per 
methodologies described in the previous chapter (Chapter 4.2.). The primers used are 
described in Table 5.1 and the subsequent transformation S. nodorum protoplasts 
followed the same procedure as for Uvi1 and Fod1 (Chapter 4.2). Conditions for 
screening of the resultant mutants are also described within Chapter 4.2. 
Table 5.1. Primers used within this study. Sequences in bold text represent overlap areas for 
fusion to the appropriate hygromycin construct.  
PrimerName PrimerSequence 
08052KO5'f ATGTAACCGATGCCGACTTC 
08052KO3'f TTGGGAGCTCGGTATAAGCGCCTTATACTGCGGCTCCTG 
08052KO3'r GATAGCGAGCGGCTTAATAC 
08052KO5'r GTACTGTGTAAGCGCCCACTCTCGCATGGTGGATGTAGAG 
08052ScreenR TAGGCGGCCATGACAATCAG  
08052ScreenF ACCCGGACAACTTCAGGAAC 
5.2.3. Phenotypic analysis 
As with the previous mutants a range of phenotypic assessments was performed. 
This included growth on complete and MM agar, in vitro sporulation, in vitro 
pathogenicity, and an extended analysis of the enzymatic ability of the mutants to 
process mannitol. 
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5.2.4. Metabolite isolation 
Fungal strains were grown on MM agar with sucrose (30 g/L) as the sole carbon 
source with six replicates for each. The plates were grown at a constant 20°C under a 
12 hour light/dark cycle. After fourteen days of growing the mycelia was scraped from 
the individual plates using a number 24 scalpel blade. Approximately 10 mg of each 
sample was placed into pre-weighed 2 mL safelock microcentrifuge tubes containing a 
3 mm tungsten carbide steel ball bearing. The tubes were re-weighed to determine the 
exact mass of fungal material. The metabolites where quenched by the addition of 700 
µL of -40°C methanol containing ribitol at a concentration of 65 µM as an internal 
standard. The microcentrifuge tubes were vortexed briefly and placed on dry ice, 
before homogenisation of the samples at 24 Hz for 2 minutes in a Tissue Lyser (Qiagen, 
Hilden, Germany). The tubes where then frozen in liquid nitrogen and thawed before 
centrifugation at 20000 x g for 2 minutes. The supernatants containing the extracted 
metabolites were transferred to clean 1.5 mL microcentrifuge tubes and stored at -
20°C. 100 µL aliquots of each sample were transferred to HPLC vials containing glass 
inserts. The samples were then evaporated to dryness in an Eppendorf Concentrator 
and stored for analysis at -20°C. 
5.2.5. Metabolite preparation for gas chromatography 
Extracted metabolite samples where derivatised online using a Gerstal 
MultiPurpose Sampler (Linthicum, MD, USA).  
Methoximation of carbonyl groups was performed by the addition of 20 µL of 
methoxyamine hydrochloride (20 mg/mL in pyridine) to each sample followed by 
shaking at 37°C for 90 minutes. Trimethysilation of the polar groups was then 
performed by the addition of 30 µL of 2,2,2-trifluoro-N-methyl-N-
(trimethylsilyl)acetamide (MSTFA) (Thermo Fisher Scientific, Australia), followed by 
incubation at 37°C for 30 minutes with shaking.  
5.2.6. Gas chromatography – mass spectrometry  
Derivitised samples were injected (1 µL) at a 1:20 sample:methanol split ratio. The 
GC-MS system comprised of a Gerstal MultiPurpose Sampler (Linthicum, MD, USE), an 
Agilent 5980 Gas chromatograph and an Agilent 5975C quadrapole mass spectrometer 
(Agilent Technologies, Palo Alto, CA, USE). The system was auto-tuned with 
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perfluorotributylamine as per manufacturer’s instructions. A Varian CP9013-1 Factor4 
40m column with an internal diameter of 250 µm and a film thickness of 0.25 µm was 
used for gas chromatography. 
The operational temperatures were 230°C (injection inlet), 300°C (transfer 
interface), 230°C (ion source). The carrier gas was helium with a constant flow rate of 
0.935 mL/minute. The GC oven was programmed to give an initial temperature of 70°C 
with a 1°C/min gradient for 5 minutes followed by ramping at 5.63°C /minute to a final 
temperature of 300°C held for 10 minutes.  
5.2.7. MS data analysis and normalisation 
Mass spectra data were analysed using Analyzer Pro V (SpectralWorks Ltd, 
Rumcorn, UK). Peaks were identified by comparison of unknown peaks to the National 
Institute of Standards and Technology 08 (NIST, Gaithersburg, MD, USA. 
http://www.nist.gov/index.html) mass spectral library. Multivariate data analysis was 
carried out using The Unscrambler (version 10.0, CAMO ASA, Oslo, Norway) and JMP 
8.0.1 statistical package (SAS Institute Inc., Cary, NC, USA). Further data manipulation 
was carried out using Microsoft Excel (Microsoft Corp., 2011), and visual assessment 
of MS peaks was performed using the AMDIS software package (Version 2.69). 
All GC-MS samples contained ribitol (0.2mg/mL) as an internal standard which was 
added during the metabolite extraction step. All metabolite peak areas were divided 
by the peak area for ribitol, and then divided by the mass of the sample to enable 
comparison of relative concentrations between samples. 
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5.3. Results  
5.3.1. In silico analysis of SNOG_08052  
A BLASTP and BLASTx analysis of SNOG_08052 protein and gene sequences failed 
to reveal any similarity to proteins in the databases suggesting the gene to be unique 
to S. nodorum (closest match, 35% identity, E-value of 7e-14). Due to the lack of 
sequence homology a more detailed analysis was performed utilising the prediction 
services available from the Centre for Biological Sequence Analysis, Technical 
University of Denmark (http://www.cbs.dtu.dk/).  
The probability that the protein contained a secretory signal peptide, and is 
thereby targeted for translocation across the endoplasmic reticulum membrane, was 
ruled out using the latest version of SignalP 4.1 (Petersen et al., 2011) (Table 5.2). This 
assessment did however highlight the presence of a possible transmembrane domain 
in the sequence, spanning of approximately 21 amino acid residues in length (Figure 
5.1). Nuclear export signal prediction determined that the protein has a high chance of 
containing a valid motif for export from the nucleus into the cytoplasm (Figure 5.2). 
Although no known functional domains were identified in the protein sequence, a 
range of potential post-translational modification sites were assessed and predicted 
(Figure 5.3). These included several potential phosphorylation and glycosylation sites 
(both for N- and O- glycosylation) along with a possible acylation site at the N-terminus 
that was predicted with a high degree of statistical probability. 
A tentative, computer algorithm predicted, tertiary structure of the SNOG_08052 
protein was generated using the I-TASSER software package (Version 3.0) (Figure 5.4) 
(Roy et al., 2010; Roy et al., 2012; Zhang, 2008). The predicted structure was compared 
against known protein structures for similarity using the TM-align algorithm embedded 
into the I-TASSER software package. In addition to this a structure-based functional 
prediction was determined using the COFACTOR algorithm embedded in the I-TASSER 
software package. The sequence aligned to a number of previously characterised 
protein structures in the protein databank library, however with a TM alignment score 
of 0.758 out of 1 (where 1 equals a perfect match), the closest match was to the 
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recently characterised effector protein HopA1 from Pseudomonas syringae (Park et al., 
2015). Despite the predicted similarity, there are potential conflicts arising with 
respect to the absence of a transmembrane domain in the HopA1 structure.  
Table 5.2 TargetP prediction of localization of the SNOG_08052 protein. 
Protein Name Mitochondrial 
target peptide 
SignalP 
4.1 score 
Other Predicted 
localisation 
Reliability 
class† 
SNOG_08052 0.257 0.114 0.575 Unknown 4 
†Score based on a 1-5 scale with 1 the strongest and 5 the weakest reliability. 
 
 
Figure 5.1 Predicted transmembrane region of the SNOG_08052 protein. (Red = 
transmembrane helix, blue = internal domain, green =, external domain) 
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Figure 5.2 Prediction of a nuclear export signal (NES) motif in the SNOG_08052 protein 
sequence (Blue = NES score, Red = Threshold value of 0.5).  
 
Figure 5.3 Prediction of post-translational modification sites for SNOG_08052. (blue = 
phosphorylation sites, purple = O-glycan binding sites, red = N-glycan sites score, green = 
acylation sites).  
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Figure 5.4 Predicted 3-dimensional structure of the SNOG_08052 protein (Colour coded in a 
rainbow spectrum from the N-terminal to the C-terminal, blue to red respectively).  
 
 
 
 
 
 
169 
 
5.3.1. Construction of the SNOG_08052KO mutant 
A total of sixty mutants, named sequentially 8052KO#1 through 8052KO#60, were 
isolated before screening via PCR to confirm insertion of the disruption construct. A 
PCR product of approximately 6.6 kbp was identified from two of the mutants 
confirming insertion of the construct within the gene of interest (Figure 5.5). The two 
mutants, 8052KO#55 and 8052KO#57, exhibited a similar phenotype on growth media 
and were used for subsequent characterisation.  
 
Figure 5.5 PCR screening confirmation of the SNOG_08052KO mutants. SN15 is the unmodified 
wildtype control. 
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5.3.2. Characterisation of the 8052KO mutants 
5.3.2.1. Growth assays 
Growth of the mutants was not significantly less than wildtype when grown on MM 
agar with either sucrose of mannitol as the carbon source (Figure 5.6). The 
SNOG_08052KO mutants produced mycelia that are white in colour and lacked the 
characteristic brown hue of the wildtype SN15 when grown under the same conditions 
(Figure 5.7).  
 
 
Figure 5.6 Growth of SNOG_08052KO mutants on MM agar, assessment of dry weight of 
scraped mycelia from MM agar plates with either sucrose or mannitol as the sole carbon 
source at 30 g/L. Mean ± SEM, n=3 of duplicate experiments. 
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Figure 5.7 Growth of the SNOG_08052KO mutants on MM agar with sucrose as the primary 
carbon source at 30 g/L. Petri dish diameter = 90mm (n=3 of duplicate experiments).  
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5.3.2.2. Sporulation assay 
Assessment of sporulation in the SNOG_08052KO mutants revealed that when 
grown on complete media (V8PDA) there was no effect on the ability of the mutants to 
sporulate (Figure 5.8). However, when the SNOG_08052KO mutants were grown on 
MM agar with sucrose as the sole carbon source, there was a significant decrease in 
sporulation (p <0.05). However, this sporulation phenotype was not apparent when 
the strains were grown with mannitol as a carbon source. 
 
 
Figure 5.8 In vitro sporulation of the SNOG_08052KO mutants, assessed against the wildtype 
SN15 strain. Spore counts are from growth on agar plates for 12 days on either complete 
media (V8PDA) or MM with either sucrose or mannitol as the sole carbon source at 30 g/L. 
Mean ± SEM, n=3 of duplicate experiments. 
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5.3.2.3. Pathogenicity assays 
The pathogenicity of the SNOG_08052KO mutants was assessed via detached leaf 
assays. This was due to reduced ability of the SNOG_08052KO mutants to produce 
spores when grown on sucrose making whole plant assays infeasible.  
The inoculation of the detached leafs assays was performed using agar plugs 
excised from 12 dpi cultures grown on either MM agar with sucrose or mannitol as the 
sole carbon source. The SNOG_08052KO mutants produced less visible necrotic 
damage compared to wildtype when the mutant strains used to inoculate the leaves 
were grown on MM agar with sucrose. The SNOG_08052KO strains ability to cause 
visible necrotic damage was restored when inoculated by cultures previously grown on 
MM agar with mannitol as the sole carbon source (Figure 5.9). 
Quantification of the differences in pathogenicity between SNOG_08052KO 
mutants and the wildtype strain was assessed via measurement of the spreading 
necrosis caused by the infection. These data show that the infection spread 
significantly less for SNOG_08052KO stains previously grown on sucrose while those 
previously grown on mannitol were comparable to the wildtype (Figure 5.10). 
Sporulation of the SNOG_08052KO mutant strains was assessed in planta following 
culture of the strains on either mannitol or sucrose as the sole carbon source. There 
was a significant reduction to in leaf sporulation observed for SNOG_08052KO strains 
previously cultured on MM agar with sucrose (Figure 5.11). However, following 
inoculation via cultures previously grown on MM agar with mannitol there was no 
difference in the development of symptoms as compared to wildtype. 
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Figure 5.9 Pathogenicity of SNOG_08052KO mutants. Leaf sections were inoculated with either 
MM plus sucrose (30 g/L) or MM plus mannitol (30 g/L) agar plugs infected with the mutant of 
interest, uninfected agar plugs and Tween20 droplets were used for the controls. Scale bar = 
10mm. Representative images at 12 days post inoculation, n=5, duplicate experiments. 
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Figure 5.10 Lesion size comparison of infected tissue after 12 dpi for the wildtype SN15 strain 
and the SNOG_08052KO mutants grown from plugs of MM agar containing either sucrose or 
mannitol as the sole carbon source at 30 g/L. Mean ± SEM, n=5 of duplicate experiments.  
 
 
Figure 5.11 In planta sporulation of the SNOG_08052KO mutants. Growth of the fungi from 
plugs of agar with either mannitol or sucrose (at 30 g/L) as the sole carbon source as used to 
inoculate the leaf sections that were then assayed for spore concentration after 12 days. Mean 
± SEM, n=5 of duplicate experiments. 
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5.3.3. Enzymatic assays 
As the presence of mannitol in the growth media was found to complement the 
phenotype of SNOG_08052KO mutants, the activities of two key enzymes required for 
mannitol metabolism were assayed. SNOG_08052KO mutants were grown in liquid 
MM with either mannitol or sucrose as the sole carbon source. Following three days 
growth under normal conditions the crude enzyme extracts were collected for the 
mutant and wildtype SN15 strains.  
When grown on MM containing sucrose as the sole carbon source, mannitol-1-
phosphate dehydrogenase (Mpd1) activity was five-fold higher in the SNOG_08052KO 
strains compared to the wildtype. Substituting the sucrose in the growth media to 
mannitol did not affect Mpd1 activity in SN15. However the substitution to mannitol as 
the sole carbon source resulted in a three-fold reduction in Mpd1 activity in both 
SNOG_08052KO strains (Figure 5.12). 
There was an increase in the activity of mannitol dehydrogenase (Mdh) within the 
SNOG_08052KO mutants when grown on either mannitol or sucrose as the sole carbon 
source compared to the wildtype SN15 strain. However the activities were significantly 
higher when grown with sucrose as the sole carbon source (Figure 5.13). 
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Figure 5.12 Mannitol-1-phosphate dehydrogenase activities for the wildtype SN15 strain and 
the SNOG8052KO mutants grown in liquid MM containing either sucrose or mannitol as the 
sole carbon source. Mean ± SEM, n=3 of duplicate experiments. 
 
Figure 5.13 Mannitol dehydrogenase activities for the wildtype SN15 strain and the 
SNOG8052KO mutants grown in liquid MM containing either sucrose or mannitol as the sole 
carbon source. Mean ± SEM, n=3 of duplicate experiments. 
5.3.4. Metabolite analysis of the SNOG_08052KO mutants 
Growth of the wildtype SN15 strain of S. nodorum and the two mutants, 
SNOG_08052#55 and SNOG_08052#57 was performed on MM agar with sucrose as 
the sole carbon source 30 g/L. After 14 days growth the intracellular metabolites were 
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extracted and then derivatised prior to analysis via GC-MS. Analysis of chromatographs 
was performed using the Matrix Analyzer software package (as described in section 
5.2). The non-targeted metabolomics approach utilised herein detected 332 
components across the wildtype and SNOG_08052KO strains. The various components 
were compared against a standard library of compounds (NIST08 libraries) and 
identified based on retention index and base peak. Further validation of identified 
compounds was performed via spectral library matching available from the online 
GOLM metabolomics database (http://gmd.mpimp-golm.mpg.de/). 
Principal component analysis was performed for the metabolites of each of the 
treatments. Six replicates of each treatment were analysed and representative 
samples that clustered well were used for statistical analysis. Principal component 
analysis showed that PC1 contributed towards 70% of the difference between the 
mutants and the controls with clear clustering of the two SNOG_08052KO mutants 
compared to the wildtype SN15 control (Figure 5.14).  
 
Figure 5.14 Principal component analysis for the grouping for the biological replicates showing 
a clear separation between control samples (SN15 wildtype), and two SNOG_08052KO strains. 
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Figure 5.15 Positive PC1 metabolite loadings showing the individual metabolites with the 
greatest influence within the principal component analysis  
 
5.3.5. Statistical analysis of the identified metabolites 
Multivariate analysis of the metabolite abundances between the wildtype and 
SNOG_08052KO mutants revealed that a significant difference between the two 
groups with PC1 explaining 70% of the variation between samples. The 
SNOG_08052KO mutants clustered away from the wildtype, indicating significant 
differences between the two. Positive metabolite loadings, corresponding to 
metabolites that were significantly higher in abundance within the SN15 strain, 
identified the sugars, arabitol, trehalose, glycerol, and mannitol, the amino acids, 
pyroglutamic acid, glutamine, glutamic acid, as well as N-acetylglutamic acid, and 9,12-
Z,Z-octadecadieonic acid (linoleic acid) as the metabolites that most strongly 
influenced. (Figure 5.15) Negative metabolite loadings were dominated by glucose, 
180 
 
galactinol, and fructose; however only glucose was significantly lower within the 
wildtype (Figure 5.16) 
 
Figure 5.16 Negative PC1 metabolite loadings showing the individual metabolites with the 
greatest influence within the principal component analysis 
 
5.3.6. Metabolites significantly altered in SNOG_08052KO  
Following statistical assessment of the GC-MS results, 53 compounds were 
determined to be significantly changed in abundance between the wildtype SN15 
strain and the SNOG_08052KO mutants. Of the metabolites present, 34 were positively 
identified against the standards database, while 19 were unable to be positively 
identified and were subsequently treated as unknown metabolites (Table 5.3). 
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Table 5.3 Relative metabolite abundances between wildtype (SN15) and SNOG_08052KO 
mutants. Metabolites are normalised against a ribitol internal standard and sample weights. 
(Metabolites in bold text are significantly higher within the mutants)  
Metabolite and ID 
Normalised abundance (mean ± SD) in strain: 
SN15 
SNOG_ 
08052#55 
SNOG_ 
08052#57 
Amino Acids 
   
 
Pyroglutamic acid 2TMS_21.1357_1518_156 12.90 ± 1.49 0.52 ± 0.07 0.64 ± 0.14 
 
L-Glutamine 3TMS_26.2336_1797_156 4.65 ± 1.89 ND ND 
 
L-Glutamic acid 3TMS_23.2312_1633_246 2.82 ± 0.27 ND ND 
 
L-Alanine 2TMS_10.1264_1098_116 1.43 ± 0.41 0.25 ± 0.09 0.29 ± 0.11 
 
L-Serine 2TMS_14.8053_1261_116 0.47 ± 0.13 0.08 ± 0.01 0.06 ± 0.02 
 
L-Threonine 3TMS_18.0454_1390_218 0.41 ± 0.03 ND 0.04 ± 0.03 
 
L-Threonine 2TMS_15.7686_1300_117 0.39 ± 0.11 0.04 ± 0.01 0.05 ± 0.01 
 
L-Serine 3TMS_17.4383_1366_204 0.17 ± 0.02 ND 0.01 ± 0.01 
 
L-Homoserine 4TMS_24.1507_1683_290 ND 0.04 ± 0.01 0.05 ± 0.01 
Sugars/ Sugar Alcohols 
   
 
Mannitol 6TMS_28.8923_1943_319 397.12 ± 85.80 133.90 ± 16.97 144.30 ± 20.71 
 
Arabitol 5TMS _25.1141_1736_217 102.52 ± 10.82 11.41 ± 3.42 11.91 ± 0.89 
 
Glucose 5TMS_28.3606_1914_319 42.40 ± 9.83 95.30 ± 6.49 84.21 ± 12.8 
 
Trehalose 8TMS_40.7773_2726_204 37.20 ± 11.6 5.56 ± 0.68 6.76 ± 0.98 
 
Glucose 5TMS_28.6671_1931_319 8.08 ± 1.93 17.07 ± 0.58 15.70 ± 1.59 
 
Glycerol 3TMS_15.262_1280_147 4.11 ± 1.19 0.25 ± 0.06 0.51 ± 0.12 
 
L-Glycerol-3-phosphate (4TMS)_25.9835_1784_357 1.58 ± 0.62 0.07 ± 0.01 0.06 ± 0.01 
 
Sucrose 8TMS_39.445_2628_361 1.57 ± 0.47 0.04 ± 0.01 ND 
 
Maltose 8TMS_42.7664_2884_204 0.33 ± 0.07 ND ND 
 
Maltose 8TMS_47.3199_3293_204 0.16 ± 0.03 ND ND 
 
Melibiose 8TMS 8TMS_42.3661_2849_217 0.15 ± 0.04 ND ND 
 
1-Methyl--D-galactopyranoside 4TMS_30.68_2041_204 0.12 ± 0.05 0.43 ± 0.03 0.38 ± 0.06 
 
myo-Inositol 6TMS_30.5749_2035_318 0.11 ± 0.01 0.03 ± 0.01 0.04 ± 0.01 
 
Galactinol 9TMS 9TMS_42.9354_2899_204 ND 0.23 ± 0.03 0.26 ± 0.05 
 
Gluconic acid 6TMS_30.0745_2008_147 ND 0.15 ± 0.02 0.23 ± 0.05 
 
Glucopyranose 5TMS_27.6787_1877_204 ND 0.06 ± 0.01 0.05 ± 0.01 
Organic Acids 
   
 
Citric acid 4TMS_27.0219_1841_273 3.10 ± 0.71 0.74 ± 0.08 0.69 ± 0.07 
 
9,12-Z,Z-Octadecadienoic acid 1TMS_33.65_2205_75 2.57 ± 0.25 0.47 ± 0.12 0.48 ± 0.10 
 
9-Z-Octadecenoic acid 1TMS_33.7589_2213_376 0.71 ± 0.15 0.15 ± 0.04 0.15 ± 0.05 
 
Hexadecanoic acid 1TMS_31.0691_2062_313 0.61 ± 0.05 0.17 ± 0.02 0.20 ± 0.02 
 
Octadecanoic acid 1TMS_34.1655_2243_341 0.43 ± 0.02 0.10 ± 0.01 0.14 ± 0.02 
 
2-Ketoglutaric acid 2TMS_22.393_1587_73 ND 0.11 ± 0.03 0.09 ± 0.01 
Other Classes of Compounds 
   
 
Phosphoric acid 3TMS_15.1931_1277_227 14.23 ± 1.19 6.31 ± 0.43 5.78 ± 0.52 
 
N-Acetylglutamic acid 2TMS_21.4359_1534_84 3.57 ± 0.81 0.67 ± 0.17 0.95 ± 0.21 
 
Putrescine 4TMS_14.9303_1266_174 0.33 ± 0.11 ND ND 
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Unknown Metabolites 
   
 
Unknown_35.3602_2330_204 1.31 ± 0.26 0.23 ± 0.04 0.16 ± 0.02 
 
Unknown_12.3908_1172_188 1.19 ± 0.15 0.68 ± 0.09 0.72 ± 0.07 
 
Unknown_27.2471_1853_217 0.95 ± 0.07 0.16 ± 0.04 0.21 ± 0.05 
 
Unknown_16.3566_1323_147 0.67 ± 0.05 0.15 ± 0.01 0.19 ± 0.04 
 
Unknown_22.7995_1609_188 0.64 ± 0.24 ND ND 
 
Unknown_48.1772_3382_217 0.62 ± 0.22 ND ND 
 
Unknown_11.6151_1147_191 0.46 ± 0.06 0.25 ± 0.03 0.28 ± 0.03 
 
Unknown_40.0703_2674_217 0.25 ± 0.07 ND ND 
 
Unknown_14.4233_1246_241 0.13 ± 0.02 ND ND 
 
Unknown_25.8896_1778_174 0.13 ± 0.02 ND ND 
 
Unknown_29.4490_1974_217 0.10 ± 0.03 0.35 ± 0.02 0.30 ± 0.03 
 
Unknown_39.7013_2647_204 0.09 ± 0.01 ND ND 
 
Unknown_30.0744_2008_204 0.07 ± 0.01 ND ND 
 
Unknown_21.9112_1560_147 0.04 ± 0.01 ND ND 
 
Unknown_45.0621_3083_204 0.03 ± 0.01 ND ND 
 
Unknown_14.3423_1243_188 0.02 ± 0.01 ND ND 
 
Unknown_32.2138_2125_319 ND 0.04 ± 0.01 0.02 ± 0.01 
 
Unknown_37.4308_2481_319 ND 0.04 ± 0.01 0.07 ± 0.01 
 
Unknown_22.3179_1583_247 0.16 ± 0.02 0.05 ± 0.01 0.07 ± 0.01 
.   
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5.4. Discussion 
5.4.1. SNOG_08052 
Determining the function of the SNOG_08052 protein and what potential role it 
facilitates in the development of sporulation has proven a challenging task. Previously, 
the protein was identified amongst the secreted proteins of the gna1 mutant of S. 
nodorum (Tan et al., 2009a). In the most comprehensive proteomics analysis of S. 
nodorum to date, it was not detected in either the wildtype S. nodorum or the gna1 
mutant (Casey et al., 2010). These results are at odds with the current findings in 
which the SNOG_08052 protein was identified across all of the strains in the 
intracellular proteins, and where, based loosely on peptide spectral matches, it was 
one of the most highly abundant proteins. A general assessment of SNOG_08052 
transcript and protein sequences revealed no significant homology to any known 
genes or proteins and a distinct absence of any conserved domains. A series of 
prediction software algorithms were used to assess possible features of the 
SNOG_08052 protein that may help to identify its function within the fungi.  
5.4.2. In silico characterisation of SNOG_08052 
A prediction of the cellular localisation of the SNOG_08052 protein in S. nodorum 
through multiple prediction software packages failed to identify the protein’s 
localisation with any statistical significance. Targeted secretion of the protein was 
ruled out by analysis for signalP or non-classical secretory pathways motif’s, both of 
which were not detected in the amino acid sequence. Analysis of predicted structural 
motifs in the SNOG_08052 protein sequence predicted, with a high degree of 
confidence, the presence of a transmembrane region near the N-terminal. Recently a 
study looking into the relationship between the length of the transmembrane 
spanning region and the cellular localisation found a significant correlation between 
the two (Sharpe et al., 2010). In this study, the predicted transmembrane domain 
region spans 21 amino acid residues, which for fungi correlates best to a predicted 
location in membranes of either the endoplasmic reticulum or possibly as a protein 
that cycles between the Golgi apparatus and endosomes. More importantly the 
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predicted location of the protein, based on transmembrane domain length, does not 
favour localisation within the plasma membrane. Interestingly, the protein was also 
predicted to have a leucine rich nuclear export signal by the NetNES 1.1 prediction 
software. Nuclear export signals play an important role in cellular homeostasis, and 
have been shown to have influential roles in the cell cycle, cell differentiation and 
other important aspects of molecular biology, especially so within the velvet family of 
regulatory proteins (Amselem et al., 2011).  
Assessment of possible post translational modification sites in the protein 
sequence was also performed. This predicted a number of potential glycosylation sites 
within the first 50 residues of the N-terminus and that the N-terminus was also 
acylated. Glycosylation is speculated to have many potential roles in cellular regulation 
(Haltiwanger, 2002), while acylation of proteins is most commonly associated with 
fatty acid signalling, although this has also been linked to G-protein signalling (Morello 
and Bouvier, 1996), a signalling pathway previously shown to affect sporulation in S. 
nodorum. 
Assessment of possible phosphorylation sites was also performed. Phosphorylation 
of proteins provides a reversible switch by which the activity of the protein can be 
regulated and is often seen associated with other more traditional regulation 
mechanisms (Gloerich and Bos, 2011; Hess and Stamler, 2012). The SNOG_08052 
protein sequence contains eleven predicted phosphorylation sites, of which six are 
predicted with a high level of certainty. All six of the possible phosphorylation sites are 
in the internal predicted region of the protein, which would allow the protein to 
interact with other internalised components. 
The information gained through the use of prediction packages, taken in 
conjunction with the conditions used for the protein extraction, suggests the protein is 
localised to an intracellular membrane region, potentially with a role in nuclear export 
processes or bound within a membrane. How this protein avoided detection in a 
previous proteomic analysis of S. nodorum intracellular proteins (Casey et al., 2010), 
yet was detected in the previous secretomics analysis (Tan et al., 2009a) is puzzling. 
However, localisation within intracellular membranes may help to explain this, as 
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subtle differences in the processing of the samples within this study could have 
facilitated more membrane bound proteins to be isolated. Its previously identified 
presence within the extracellular proteins may be partially due to its association with 
the intracellular membranes of the endoplasmic reticulum or possibly the Golgi 
apparatus and endosomes as these structures have known roles in secretion. On top of 
these factors the detection of the protein in this study may also be attributable to the 
different labelling scheme that was applied. Although chemically similar in the reporter 
ions that are produced, the complete iTRAQ 8-plex tag is structurally different to that 
of the complete iTRAQ 4-plex tag, a difference that has been speculated to reduce the 
fragmentation efficiency during MS analysis (Pichler et al., 2010), and one that could 
be speculated to lead to a different subset of identified peptides during the analysis. 
5.4.3. In vivo characterisation of SNOG_08052 
In conjunction with in silico prediction of localisation and functionality of the 
SNOG_08052 protein, a general characterisation of the SNOG_08052KO mutants was 
performed.  
5.4.3.1. Assessment of growth, sporulation and pathogenicity 
The SNOG_08052KO mutant is comparable to the wildtype SN15 strain in its ability 
to sporulate when grown on complete media (V8PDA). The disruption to sporulation in 
this mutant, when grown on sucrose as the sole carbon source in defined MM, 
presents as an interesting auxotrophic phenotype. In biological systems, sucrose is 
readily converted to fructose and glucose before being fed into glycolysis. As there is 
no significant disruption to growth rate of the SNOG_08052KO mutants when grown 
on sucrose it can be assumed that the ability of the mutant to utilise and assimilate 
sucrose into biomass is not affected. However, the mutant is significantly reduced in its 
ability to both sporulate and cause infection after growth on sucrose. An interesting 
result from these experiments was the complementation of sporulation and 
pathogenicity when grown on mannitol as the sole carbon source. A similar result was 
observed in the mpd1 mutants, where the supplementation of even low levels of 
mannitol is capable of complementing the phenotype, however pathogenicity in the 
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mpd1 mutant is not affected (Solomon et al., 2006d). In addition, the activities of the 
enzymes regulating mannitol metabolism were significantly increased in this mutant 
when grown on sucrose. Due to previous research that has been used to successfully 
identify a range of compounds associated with various aspects of growth in S. 
nodorum a metabolomics approach was the next obvious step in characterising the 
mutants. 
Growth of the SNOG_08052KO mutants compared to the SN15 wildtype strain is 
visually different on MM agar with sucrose as the sole carbon source, a phenotype that 
is more visually recognisable and apparent by assessment of the underside of the 
plates. The S. nodorum wildtype strain produces a light brown coloured pigment that is 
clearly visible when grown on MM agar with sucrose (30 g/L), this is in contrast to the 
SNOG_08052KO mutants that do not secrete any visibly apparent pigment into the 
media. Secretion of pigments into the media has been observed previously and shown 
to be dependent upon the carbon source (Gummer, 2012).  
Pigment production in fungal species has previously been linked to a number of 
biochemical processes. The G-protein coupled receptor pathway is one such example. 
It has previously been found that strains that harbour a disruption to a subunit of the 
G-protein coupled receptor (gna1 knockdown mutants) secrete a high number of 
phenylalanine and tyrosine derivatives resulting in a dark brown pigmentation 
secreted into the media (Solomon et al., 2004b). The distinct lack of pigmentation 
noted within the SNOG_08052KO mutants could be indicative of a disruption in one of 
the pathways leading to the production of these compounds. As the melanisation of 
pycnidia is a key step in the maturation and development of viable asexual spores, this 
represents a biological pathway that may be under positive regulation of SNOG_08052 
protein.  
5.4.3.2. Enzymatic assessment of mannitol metabolism 
Further evidence of the influence of the SNOG_08052KO mutation on mannitol 
metabolism came through the assessment of the enzymes that regulate mannitol 
metabolism. The two enzymes mannitol-1-phosphate dehydrogenase (Mpd1) and 
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mannitol dehydrogenase (Mdh1), have been postulated to act as part of a mannitol 
cycle first described in A. alternata (Hult and Gatenbeck, 1978). However within S. 
nodorum, the postulated cycle has been shown to operate as two spurs (Solomon et 
al., 2007), and a recent study that dissected the “mannitol cycle” in A. niger also 
confirmed that it does not act in a cyclic manner (Aguilar-Osorio et al., 2010). 
In the wildtype SN15 strain, the enzymatic activity of Mpd1 was no different when 
grown on either sucrose or mannitol as the sole carbon source. Mdh1, in contrast, was 
increased in enzymatic activity when grown on sucrose as opposed to mannitol, 
possibly indicating that the absence of mannitol in the growth media leads to an 
increase in enzyme activity for the synthesis and storage of mannitol in the fungi, 
although for what purpose remains unclear. 
The SNOG_08052KO mutants had significantly increased specific activities 
compared to the wildtype for both Mpd1 and Mdh1 when grown on sucrose as the 
sole carbon source. The specific activity of Mdh1 was approximately an order of 
magnitude higher than that of Mpd1. A previous study has compared the specific 
activities of Mdh1 and Mpd1 in the wildtype SN15 strain to those in the gna1 mutant. 
Interestingly, the gna1 mutant, which also have a disrupted ability to sporulate, was 
decreased in activity for Mpd1, but the activity of Mdh1 increased (Casey et al., 2010). 
When the SNOG_08052KO strains were grown on mannitol as the sole carbon source, 
there was a small but significant increase in specific activity for both Mdh1 and Mpd1. 
This suggests that SNOG_08052 may have a role in negatively regulating the activity of 
these two enzymes, and that under high sucrose conditions, without the negative 
regulatory ability of SNOG_08052, the fungus metabolises mannitol at an increased 
rate.  
To further determine the effect of the carbon source on mannitol related enzyme 
activity it would be interesting to combine both sucrose and mannitol into the growth 
media. In addition, further studies to determine the minimum concentration of 
mannitol required to restore sporulation would be equally interesting. This was 
unfortunately not performed within the study, however it presents as a potential 
avenue to further dissect mannitol metabolism in S. nodorum. 
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In comparison to the previously characterised gna1 mutant the SNOG_08052KO 
strains display a less disrupted phenotype, reduced sporulation and decreased 
pathogenicity, which is only apparent when grown on media with sucrose as the sole 
carbon source. This mutation provides another link between sporulation and 
pathogenicity within S. nodorum; furthermore, that this phenotype can be 
complemented by the addition of mannitol presents us with an added avenue for the 
dissection of mannitol metabolism. 
5.4.4. Metabolite analysis of the SNOG_08052KO mutants 
A number of metabolites identified in this study have previously been implicated in 
biochemical pathways shown to affect sporulation. The most prominent of these relate 
to the sugar/sugar alcohols mannitol and trehalose (Lowe et al., 2009; Solomon et al., 
2005a; Solomon et al., 2006d; Solomon et al., 2007). Additionally, the differential 
abundance of specific amino acids was identified in the sporulation impaired stuA 
mutants (IpCho et al., 2010). 
5.4.4.1. Sugars/Sugar alcohols 
Polyol accumulation is a key feature of metabolism for many filamentous fungi 
(Adler et al., 1982). Of the identified metabolites, a large number of sugars and sugar 
alcohols were significantly lower in abundance in the SNOG_08052KO mutants 
compared to the wildtype SN15 strain, with the previously identified metabolites 
mannitol and trehalose both significantly lower in abundance. In the SNOG_08052KO 
strains there was an approximately 4-fold decreased level of mannitol compared to the 
wildtype. The reduction in mannitol observed here is similar to that observed in 
previously studied mpd1 mutants, in which a decreased level of mannitol has been 
linked to a reduction in sporulation (Solomon et al., 2006d). The link between 
sporulation and mannitol has been well documented but to date a mechanism for this 
linkage has yet to be conclusively determined. These results suggest that the 
SNOG_08052KO disruption affects mannitol metabolism which subsequently disrupts 
sporulation. Another sugar that has been the focus in previous studies, trehalose, was 
found to increase in abundance within the mpd1 mutant (Solomon et al., 2005a). A 
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further investigation into the influence of trehalose on sporulation followed the 
abundance of the metabolite during normal growth, and determined that the 
metabolite increases at the onset of sporulation (Lowe et al., 2009). In this study, the 
level of trehalose is significantly lower in SNOG_08052KO mutants, however, whether 
this is a direct result of the mutation causing a disruption in the accumulation of 
trehalose, or a secondary result due to the mutants’ disruption in sporulation, requires 
a more thorough investigation. 
The levels of trehalose and mannitol have been shown to not be significantly 
affected in the stuA mutant. Based on the observations in this study, the stuA mutant 
and the SNOG_08052KO mutant appear to be disrupted in a distinctly different 
manner. 
The metabolite arabitol was significantly lower in abundance within the mutants, 
and was the largest contributor to the variation seen within the principal component 
analysis. A link between arabitol and sporulation has not previously been reported 
however, it has been linked to pathways involved in osmotic stress tolerance (Lowe et 
al., 2008). Along with arabitol accumulation during osmotic stress, the accumulation of 
glycerol has also been reported. However neither of these metabolites have any 
documented links to sporulation within fungi. Furthermore, the previous investigation 
showed, through the construction of a mutant with disruptions at two critical 
enzymatic steps in arabitol metabolism, that disruption to arabitol production results 
in the accumulation of glycerol in a compensatory manner. 
The metabolite glucose was significantly higher in abundance in the 
SNOG_08052KO mutant compared to the wildtype. Typically, glucose is readily utilised 
as a carbon source within wildtype S. nodorum (Gummer et al., 2012). Interestingly 
mutants for the gene trehalose-6-phosphate synthase (tps1) show significant glucose 
metabolism impairments in Magnaporthe oryzae (Fernandez et al., 2012). Tps1 is 
involved in carbon catabolite repression, a global regulatory mechanism that regulates 
the utilisation of glucose in preference to other less favourable carbon sources. 
However, to date little is known of the regulators of carbon catabolite repression in 
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plant fungal pathogens and how the SNOG_08052KO mutation results in an 
accumulation of glucose requires further assessment. 
5.4.4.2. Amino acids 
There was a marked increase in the abundance of many common amino acids in S. 
nodorum SN15 strain during normal growth and sporulation. Furthermore, the amino 
acids, pyroglutamic acid, glutamic acid, and glutamine were below the level of 
detection, in the SNOG_08052KO strains. A general decrease in many of the essential 
amino acids indicates a decrease in the proteogenic pathways, which could be 
attributed to either an increase in the requirement of proteogenic pathways in the 
wildtype SN15 strains, due to the requirements of the strain to produce the proteins 
and scaffolding needed during the development of asexual sporulation. Alternatively, 
the lower relative amounts of amino acids in the SNOG_08052KO mutants indicates 
that there is an increased demand for these proteogenic building blocks that is unable 
to be met by the fungi due to the mutation.  
The biogenesis of the carboxylate anion of glutamic acid, glutamate, has recently 
been identified as a key factor in fungal virulence and sporulation for the chestnut 
blight fungus Cryphonectria parasitica (Yao et al., 2013). In Cryphonectria parasitica 
proline dehydrogenase and Δ-pyrroline-5-carboxylate dehydrogenase have been 
shown to be key enzymes in the biogenesis of glutamate, as well as aspects of 
mitochondrial function, with disruption to either of the two genes encoding these 
proteins sufficient to cause both hypovirulence and reduced sporulation. As the levels 
of pyroglutamic acid, glutamic acid and glutamine are all below the level of detection 
in the SNOG_08052KO mutants this could be indicative of a similar mechanism. 
However, this requires significantly more investigation into the growth characteristics 
of the mutants both with and without glutamine, glutamic acid and pyroglutamic acid 
supplementation.  
5.4.4.3. Organic acids  
Organic acids have several roles in fungi with one such role being the production of 
the signalling compounds oxylipins (Tsitsigiannis and Keller, 2007). Oxylipins have a 
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role in signalling and have been linked to a number of aspects of fungal development 
and communication (Cottier and Muhlschlegel, 2012; Leeder et al., 2011). As well as 
facilitating internal signalling roles, these compounds have been shown to act as 
quorum signalling molecules. In a similar trend to that which was observed for the 
amino acids, all but one of the compounds under the general class of ‘Organic acids’ 
was lower in abundance within the SNOG_08052KO strains. From previous analysis of 
the Aspergillus spp., linoleic acid, when purified and supplied to growing fungal 
colonies has been shown to elicit a sporogenic response. Linoleic acid has been 
suggested to represent a conserved signalling moiety for various aspects including 
sporulation, mycotoxin production and fungal differentiation (Yu and Keller, 2005).  
The psi-factors psiBα and psiBβ are derived from the fatty acids 9,12-Z,Z-
octadecadienoic (linoleic) acid and 9-Z-octadecenoic (oleic) acid respectively. Both 
these psi-factors have previously been demonstrated to have roles in the inhibition 
and stimulation of sexual and asexual sporulation (Tsitsigiannis et al., 2005). Despite 
this, a previous mutant of S. nodorum that lacked the psi-factor producing oxygenase 
(PpoA) gene, failed to show any phenotypic abnormalities to sporulation, indicating 
that the homolog for this gene in S. nodorum is either not responsible, or other factors 
are promoting the ability of S. nodorum to sporulate (Personal communication P 
Solomon). 
5.4.4.4. Other classes of compounds 
Several metabolites were quantified in this study for which no conclusive 
identification was available. However, based on characteristic base peak signals, 
several of these can be assumed to be sugars or polyols. A brief comparison of the 
unknown compounds detected here against the unknown metabolites of two previous 
metabolite analyses of S. nodorum (Gummer et al., 2013; IpCho et al., 2010), revealed 
two unknown metabolites that are potentially common to all three studies 
(Unknown_32.2138_2125_319 and Unknown_37.4308_2481_319). While the 
abundance of both compounds in the SNOG_08052KO strains was significantly 
elevated, which is in line with the previous studies, the relative abundance compared 
to all the identified metabolites is considerably lower in the SNOG_08052KO strains. 
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Of the “other classes” metabolites identified, the polyamine putrescine, which is 
typically associated with the degradation of amino acids during decomposition, was 
present in the wildtype yet below the level of detection in the mutant strains. The 
synthesis of polyamines is required for many aspects of fungal growth and 
development in a number of species (Valdes-Santiago et al., 2012). However, in S. 
nodorum a disruption to polyamine synthesis through the deletion of the ornithine 
decarboxylase gene resulted in reduced pathogenicity although the effect on 
sporulation was not noted as significant (Bailey et al., 2000). Despite this, the reduced 
level of this metabolite in the mutants warrants a continuation of investigations into 
the many potential roles of these compounds in fungal pathogenicity and 
development.  
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5.5. Conclusions 
The SNOG_08052KO strain provides an interesting phenotype with significant 
disruptions to both pathogenicity and asexual sporulation when grown on defined MM 
with sucrose as the sole carbon source.  
Bioinformatics predictions regarding the potential role of the SNOG_08052 protein 
revealed several features of the protein that potentially explain the conflicting 
identification of the protein in previous studies, namely potential localisation motif’s 
and a predicted intracellular transmembrane spanning region. However, due to the 
lack of amino acid sequence similarity towards any previously described proteins, 
functional domains, or predicted active sites, further biochemical characterisation is 
still required.  
The ability of mannitol to restore the growth, sporulation and pathogenicity of the 
SNOG_08052KO mutant to that of the wildtype has once more highlighted the 
importance of this polyol in the general metabolism of S. nodorum. The inability of the 
mutants to grow invasively within the susceptible host may be related to the 
decreased mannitol present within these mutants. Assessment of the enzymes 
involved in mannitol accumulation and utilisation revealed that, although both have 
significantly higher activity compared to wildtype, the specific activity of the MDH, 
which is responsible for utilising mannitol and shunting it back towards the glycolytic 
pathway, was significantly higher than that of MPD. This offers one possible 
explanation to the reduced abundance of mannitol within the SNOG_08052KO 
mutants following growth on sucrose compared to the wildtype.  
Insights gained from the untargeted analysis of metabolites are often far reaching 
and require further investigation to answer the many questions they inevitably raise. 
In this analysis the majority of metabolites identified in the SNOG_08052KO strains 
were decreased in abundance, this included many metabolites involved in pathways 
related to glycolysis and the TCA cycle. In addition the majority of sugars were reduced 
in abundance, as well as the general level of nearly all the amino acids. The regulation 
of specific sugars has been implicated in sporulation and pathogenicity of S. nodorum 
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in several previous studies. The findings here raise many questions as to the precise 
role of SNOG_08052 in the development of asexual sporulation. This may be facilitated 
though a disruption of mannitol metabolism; however, as numerous sugars were also 
significantly lower in abundance in the SNOG_08052KO strains grown on sucrose. This 
may indicate that SNOG_08052 plays a role in the regulation, recognition or uptake of 
specific sugar molecules. In addition, as such a large number of metabolites were 
decreased in abundance, the SNOG_08052 protein may be participating in a high level 
signalling role, potentially for the generic regulation of sugar metabolism. The in silico 
predictions for SNOG_08052, in which a high number of predicted sites of 
posttranslational modification as well as a predicted intracellular membrane spanning 
region, further support a potential role in intracellular signalling. However, further 
studies are needed to validate these speculative roles. 
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Concluding remarks 
S. nodorum is the causal agent of Stagonospora nodorum blotch on wheat. Given 
optimal growth conditions it is able to rapidly self-propagate in planta and cause 
significant levels of disease. This results in significant direct revenue losses, upward of 
A$100 million per annum (Murray and Brennan, 2009), through both the destruction 
of wheat crop and a loss of crop productivity. In addition, the costs of control 
mechanisms further add to the economic impact. For polycyclic pathogens such as S. 
nodorum, asexual sporulation is an often overlooked developmental phase. This is 
surprising given that the success of an infection in the field is reliant upon high 
inoculum loads caused by multiple cycles of asexual reproduction. Finding a target that 
disrupts this step could lead to dramatic reductions in the severity of the disease. 
Furthermore, gaining a better understanding of the broader biological mechanisms 
that are utilised during growth and development may lead to alternative methods to 
combat the damage that it inflicts.  
The primary aim of this work has been to identify proteins in S. nodorum that are 
required for the successful development of asexual sporulation. To achieve this, three 
previously characterised strains of S. nodorum (stuA, sch1, and mpd1), each of which 
are affected at distinct developmental stages, have been compared to a wildtype SN15 
strain of S. nodorum. Through the use of advanced liquid chromatographic separation 
schemes, in conjunction with the iTRAQ 8-plex labelling kit, a quantitative assessment 
of the proteins differentially abundant during sporulation was achieved, as was 
presented in Chapter 3. 
The quantitative proteomics approach utilised successfully identified 55 
differentially abundant proteins across the various strains and time points. All the 
identified proteins are potentially involved in the onset or development of sporulation. 
However, through careful curation of the results, a subset of the most likely targets 
was chosen for further analysis. The proteins that were chosen, Uvi1, Hsc1, Fod1, and 
SNOG_08052, represented interesting targets due to the observed alterations in 
protein levels across the various interactions, as well as, in most cases, interesting 
potential links to pathways in other closely related fungal species. However, 
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SNOG_08052 was a novel protein sequence lacking any significant homology to any 
known protein. In addition to providing a list of proteins potentially involved in the 
development of sporulation, this analysis has highlighted general trends in the 
biochemical processes and molecular functions that are active during the development 
of sporulation.  
The secondary aim of this work has been the assessment of proteins involved in 
sporulation. Phenotypic alterations were assessed for four proteins, identified by 
quantitative proteomics, via the construction of knockout mutants. 
Chapter 4 has focused on the construction and comparative phenotypic 
assessment of knockout mutant’s uvi1, fod1 and hsc1. Despite strong proteomic 
evidence for their involvement in sporulation, no significant alterations in the 
phenotypes of any of the mutants were identified in comparison to the wildtype SN15 
strain. 
The fourth constructed knockout mutant (SNOG_08052KO), showed a significantly 
reduced ability to produce spores when grown on sucrose as the sole carbon source 
(Chapter 5). This finding in itself justifies the use of the untargeted proteomics 
workflow (Chapter 3) as well as addressing one the main aims of this thesis; the 
identification of proteins involved in asexual sporulation in S. nodorum. In addition to 
the discovery of a protein linked to sporulation, the SNOG_08052KO mutants were 
also found to have reduced pathogenicity following growth on MM agar supplemented 
with sucrose. Previous studies have shown that the polyol mannitol is strongly linked 
to sporulation in S. nodorum. This study has further reinforced this link by showing that 
the mutants, when supplemented with mannitol, have phenotypes that are restored 
for both the ability to produce spores and to cause infection. 
In an effort to gain a broader understanding of the biochemical processes occurring 
in SNOG_08052KO strains during late phase growth, an untargeted metabolomics 
assessment was performed (Chapter 5). The analysis revealed that nearly all 
metabolites identified as altered in abundance, were significantly decreased within the 
SNOG_08052KO strains. In contrast, glucose was significantly elevated in abundance, 
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while two of the most abundant metabolites identified, mannitol and trehalose, both 
of which have previously documented roles in the development of sporulation in S. 
nodorum (Lowe, 2006; Lowe et al., 2009; Solomon et al., 2006d), were significantly 
decreased in the mutant.  
In the SNOG_08052KO strains, the observed decrease in mannitol abundance, in 
conjunction with an increased enzymatic activity of mannitol related enzymes, poses 
an interesting question; are the mannitol enzymes being up-regulated in the mutant in 
an attempt to make more mannitol? Or conversely, is their up-regulation driving the 
catabolism of mannitol to lower levels? However, answering this will require further 
studies into the precise role, and endpoint, of mannitol in the fungi. 
Another potentially interesting observation was the increased abundance of 
glucose in the SNOG_08052KO strains. Glucose is a readily assimilated carbon source 
for S. nodorum so the accumulation poses an interesting question regarding a potential 
role in the dysregulation of carbon catabolite repression.  
In general, the observed alterations in metabolite abundance support a decreased 
metabolic activity of the SNOG_08052KO strains. Although these finding do not 
dramatically advance the understanding of the metabolism of sporulation, they further 
denote the importance of sugar metabolism, and in particular mannitol metabolism, in 
sporulation. While the utilisation of omics techniques has provided many clues as to 
potential regulatory elements of sporulation, they also highlight the need for future 
investigations that focus in on the specific pathways governing this important 
developmental stage. The development of knockout mutants of S. nodorum represents 
a challenging bottleneck for such studies, and further optimisation of these 
techniques, in conjunction with methods for higher throughput screening of the 
constructed mutants, would provide more substantial validation of the biochemical 
pathways underlying sporulation. Further biochemical assessment of the SNOG_08052 
protein is required. Additionally, determining the functional role of SNOG_08052 
represents a critical next step in the understanding of this proteins role in the 
disruption on sporulation. The observed disruption to carbon metabolism when grown 
on sucrose suggests a high level role in carbon utilisation, and potentially transport. If 
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SNOG_08052 is involved in the regulation of carbon it can be assumed that this protein 
may interact with a range of proteins in S. nodorum, all of which are potentially highly 
interesting targets for future investigations into the development of asexual 
sporulation. 
The successful identification of SNOG_08052 as a protein that causes a disruption 
in the ability of S. nodorum to successfully sporulate, has further validated the use of 
untargeted quantitative proteomics as a tool for investigating cellular processes, while 
at the same time has fulfilled the main aim of this thesis. In addition the proteomics 
data set generated provides a complementary resource for future investigations into 
the biology of S. nodorum.  
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Appendix 
Appendix 3.1 iTRAQ ratios for all the differentially abundant proteins identified across the three iTRAQ experiments. 
(SN15 pre 113, SN15 post 114, sch1 pre 115, sch1 post 116, mpd1 pre 117, mpd1 post 118, stuA pre 119, stuA post 121) denominator is set as 113. 
Biol 
Rep 
# 
Peptide 
Accession # 114:113 PVal 115:113 PVal 116:113 PVal 117:113 PVal 118:113 PVal 119:113 PVal 121:113 PVal 
1 3 SNOG_00672 1.01 0.99 2.15 0.11 1.39 0.44 0.99 0.97 1.04 0.93 1.07 0.85 0.81 0.36 
2 4 SNOG_00672 0.72 0.13 3.03 0.00 2.41 0.00 0.77 0.51 1.02 0.96 1.29 0.15 0.92 0.72 
3 3 SNOG_00672 1.25 0.55 1.87 0.13 2.04 0.12 1.97 0.09 1.60 0.44 1.59 0.41 1.56 0.45 
1 7 SNOG_00787 0.81 0.17 0.38 0.03 0.34 0.02 1.62 0.01 1.90 0.00 0.61 0.04 0.61 0.05 
2 19 SNOG_00787 1.16 0.58 0.31 0.00 0.30 0.00 1.63 0.00 2.52 0.00 0.65 0.02 0.91 0.38 
3 8 SNOG_00787 0.47 0.01 0.28 0.01 0.21 0.00 1.17 0.41 2.78 0.01 0.56 0.11 0.66 0.06 
1 2 SNOG_00848 0.73 0.77 0.57 0.16 0.94 0.93 0.44 0.10 0.46 -  0.59 0.48 0.60 0.16 
2 7 SNOG_00848 2.29 0.13 0.56 0.01 0.57 0.00 0.79 0.30 0.96 0.84 0.65 0.02 0.97 0.79 
3 4 SNOG_00848 1.39 0.04 0.95 0.77 0.64 0.10 0.59 0.09 1.37 0.42 0.63 0.04 0.98 0.90 
1 9 SNOG_00877 0.62 0.13 1.65 0.12 1.33 0.32 1.19 0.55 1.30 0.44 2.18 0.02 2.34 0.00 
2 15 SNOG_00877 0.67 0.12 1.42 0.15 1.19 0.42 0.90 0.53 0.79 0.33 1.84 0.00 1.22 0.14 
3 10 SNOG_00877 0.86 0.52 0.97 0.88 1.09 0.71 0.99 0.93 1.16 0.73 1.59 0.01 1.65 0.01 
1 6 SNOG_01163 1.26 0.22 1.00 1.00 1.02 0.91 1.44 0.11 1.33 0.38 1.39 0.03 1.71 0.00 
2 13 SNOG_01163 1.19 0.41 0.74 0.04 1.12 0.36 1.87 0.00 2.72 0.00 1.66 0.00 1.90 0.00 
3 7 SNOG_01163 0.69 0.06 1.01 0.97 1.08 0.70 0.82 0.14 0.61 0.03 1.82 0.00 1.46 0.01 
1 9 SNOG_01278 0.66 0.22 0.31 0.01 0.39 0.20 0.68 0.11 0.77 0.50 0.64 0.06 0.63 0.05 
2 27 SNOG_01278 0.61 0.11 0.39 0.00 0.38 0.00 1.46 0.04 1.20 0.48 0.78 0.15 1.23 0.10 
3 19 SNOG_01278 0.79 0.48 0.51 0.00 0.49 0.03 3.07 0.00 0.89 0.69 0.99 0.97 1.08 0.59 
1 8 SNOG_01298 0.90 0.62 0.34 0.01 0.29 0.14 1.06 0.53 0.90 0.66 0.82 0.61 0.88 0.66 
212 
 
2 6 SNOG_01298 0.84 0.53 0.46 0.02 0.49 0.06 0.92 0.63 0.94 0.78 0.89 0.59 1.23 0.12 
3 5 SNOG_01298 0.80 0.52 0.42 0.00 0.38 0.01 1.40 0.10 0.68 0.42 0.69 0.17 0.70 0.03 
1 3 SNOG_01479 0.86 0.47 0.87 0.65 0.78 0.41 0.62 0.19 0.87 0.55 0.73 0.21 0.93 0.74 
2 4 SNOG_01479 1.48 0.14 1.03 0.93 1.40 0.51 0.94 0.84 1.06 0.83 1.61 0.13 1.58 0.06 
3 2 SNOG_01479 0.62 0.25 0.71 0.05 0.47 0.05 0.78 0.29 0.82 0.10 0.84 0.09 1.19 0.03 
1 6 SNOG_01494 0.78 0.48 0.48 0.00 0.51 0.02 0.80 0.43 1.40 0.34 0.78 0.17 0.89 0.63 
2 8 SNOG_01494 1.79 0.23 0.43 0.01 0.48 0.02 1.72 0.24 2.40 0.07 0.72 0.03 1.23 0.22 
3 2 SNOG_01494 1.74 0.31 1.19 0.18 1.91 0.17 1.22 0.19 1.24 0.63 1.36 0.04 0.84 0.02 
2 10 SNOG_01958 1.42 0.28 1.02 0.94 2.03 0.02 0.78 0.22 0.69 0.08 2.45 0.00 2.35 0.00 
3 5 SNOG_01958 1.43 0.21 3.79 0.03 1.86 0.03 0.87 0.72 0.67 0.26 4.45 0.00 2.01 0.09 
1 4 SNOG_02050 0.50 0.09 1.88 0.09 1.64 0.18 0.17  - 0.25 -  0.42 0.05 0.35 0.15 
2 6 SNOG_02050 1.04 -  2.13 0.00 1.88 0.02 0.64 0.50 0.47  - 0.63 0.18 0.79 0.44 
3 2 SNOG_02050 0.56  - 1.70 0.03 2.74 0.01 1.42 0.53 1.33 0.33 1.00 1.00 1.02 0.97 
1 2 SNOG_02477 1.01 0.98 0.68 0.50 0.82 0.69 0.30 0.01 0.84 0.75 0.96 0.93 1.17 0.70 
2 3 SNOG_02477 1.67 0.23 0.98 0.92 0.88 0.19 0.71 0.01 1.07 0.84 1.08 0.61 1.04 0.81 
3 3 SNOG_02477 0.72 0.05 1.20 0.76 0.80 0.76 0.58 0.06 1.06  - 1.16 0.78 1.16 0.83 
2 6 SNOG_02707 1.08 0.65 2.76 0.01 3.00 0.00 1.05 0.87 1.12 0.69 1.23 0.28 0.87 0.56 
3 6 SNOG_02707 1.14 0.62 1.63 0.01 2.44 0.00 3.24 0.00 1.07 0.78 1.24 0.27 1.09 0.48 
2 9 SNOG_03054 2.32 0.15 1.29 0.23 3.21 0.01 0.95 0.79 0.59 0.05 1.42 0.05 1.60 0.22 
3 21 SNOG_03054 1.49 0.03 1.71 0.00 2.27 0.00 0.77 0.07 0.90 0.38 1.25 0.04 1.22 0.11 
2 1 SNOG_03517 0.00 -  0.30  - 0.19 -  0.42  - 0.31  - 0.58 -  0.52 -  
1 3 SNOG_03801 0.43 0.14 0.79 0.47 0.72 0.19 0.56 0.02 1.09  - 0.85 0.41 1.14 0.59 
2 5 SNOG_03801 0.81 0.51 0.65 0.15 0.65 0.16 0.71 0.33 0.87 0.85 0.97 0.90 0.98 0.92 
3 5 SNOG_03801 0.63 0.45 0.65 0.27 0.52 0.26 0.42 0.09 0.36 0.28 1.34 0.39 1.42 0.13 
1 13 SNOG_04404 0.56 0.21 0.48 0.05 0.58 0.23 0.65 0.12 0.51 0.01 0.84 0.64 0.85 0.57 
2 12 SNOG_04404 0.87 0.79 0.34 0.00 0.32 0.00 0.98 0.92 0.81 0.54 0.66 0.01 1.05 0.73 
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3 11 SNOG_04404 0.69 0.27 0.48 0.01 0.53 0.03 0.91 0.76 0.66 0.07 0.84 0.43 1.11 0.72 
1 2 SNOG_04712 0.61 0.29 0.51 0.10 0.58 0.36 0.66 0.27 0.62 0.33 0.78 0.45 0.96 0.89 
2 4 SNOG_04712 1.59 0.02 1.05 0.87 1.24 0.34 1.83 0.03 2.31 0.03 1.00 0.98 1.72 0.01 
3 1 SNOG_04712 0.88 0.69 0.85 0.52 0.56 0.06 0.53 0.05 1.16 0.47 0.91 0.58 1.08 0.52 
1 8 SNOG_04804 0.93 0.84 1.18 0.58 1.05 0.88 0.79 0.23 0.59 0.11 1.20 0.48 1.15 0.64 
2 21 SNOG_04804 0.86 0.47 1.19 0.33 1.12 0.58 0.77 0.18 0.69 0.01 1.47 0.00 0.93 0.42 
3 6 SNOG_04804 0.81 0.39 0.99 0.95 0.56 0.06 0.60 0.04 0.56 0.06 1.26 0.13 0.91 0.54 
1 20 SNOG_05974 0.72 0.08 0.92 0.77 1.01 0.95 1.56 0.01 1.82 0.00 1.09 0.65 1.12 0.44 
2 37 SNOG_05974 1.02 0.94 0.77 0.13 0.81 0.25 1.31 0.12 1.68 0.02 1.11 0.47 1.11 0.40 
3 18 SNOG_05974 0.76 0.05 1.30 0.08 0.74 0.15 1.08 0.62 1.98 0.00 1.29 0.02 1.33 0.01 
1 3 SNOG_06060 1.19 0.42 1.51 0.15 1.58 0.28 1.69 0.05 1.93 0.07 0.75 0.14 0.99 0.89 
2 3 SNOG_06060 1.53 0.04 0.64 0.22 0.61 0.11 1.41 0.13 3.25 0.00 0.71 0.02 1.22 0.20 
3 2 SNOG_06060 1.47 -  0.91 0.60 0.59 0.19 0.97 0.74 0.00 0.00 0.92 0.75 0.73 -  
1 2 SNOG_06787 0.96 0.88 0.77 0.36 0.73 0.49 1.86 0.01 1.90 0.01 1.04 0.92 0.98 0.94 
2 2 SNOG_06787 0.84 0.05 1.60 -  1.16  - 1.25 0.56 2.80 0.01 0.79 0.81 0.93 0.76 
3 2 SNOG_06787 1.01  - 0.76 0.48 1.02 0.96 2.00 0.03 0.64  - 1.12 0.72 1.08 0.66 
1 6 SNOG_07046 0.78 0.16 0.43 0.01 0.46 0.00 1.25 0.31 1.45 0.15 0.85 0.23 1.04 0.86 
2 15 SNOG_07046 1.45 0.31 0.62 0.17 0.63 0.17 1.57 0.26 2.04 0.12 0.99 0.98 1.21 0.57 
3 6 SNOG_07046 0.52 0.13 0.80 0.20 0.77 0.34 0.76 0.32 0.86 0.53 0.83 0.12 0.99 0.97 
2 2 SNOG_07548 0.35 0.01 0.69 0.05 0.60 0.01 0.84 0.43 0.75 0.48 0.62 0.20 1.00 0.97 
3 2 SNOG_07548 0.00 0.00 0.39 -  0.27  - 5.16 0.12 0.32 -  0.81 - 0.00 0.00 
1 10 SNOG_08052 0.47 0.00 0.82 0.44 0.53 0.02 0.26 0.00 0.39 0.03 2.41 0.00 2.28 0.00 
2 28 SNOG_08052 0.73 0.17 0.47 0.00 0.79 0.34 0.36 0.00 0.36 0.01 2.66 0.00 4.63 0.00 
3 25 SNOG_08052 1.06 0.70 1.31 0.03 0.78 0.15 0.38 0.00 0.52 0.04 2.47 0.00 2.49 0.00 
1 9 SNOG_08226 0.84 0.56 0.50 0.06 0.43 0.05 1.44 0.12 1.75 0.00 0.97 0.89 0.84 0.37 
2 30 SNOG_08226 1.42 0.08 0.70 0.23 0.61 0.02 1.29 0.09 1.86 0.00 0.92 0.51 0.83 0.04 
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3 14 SNOG_08226 1.30 0.48 0.44 0.00 0.49 0.09 1.18 0.46 3.24 0.00 1.20 0.29 1.04 0.80 
1 8 SNOG_08675 0.99 0.97 0.80 0.71 0.76 0.64 1.86 0.02 1.31 0.46 0.87 0.75 1.01 0.98 
2 16 SNOG_08675 0.55 0.05 0.41 0.00 0.42 0.00 1.30 0.12 1.77 0.05 0.74 0.11 0.95 0.69 
3 16 SNOG_08675 0.69 0.02 0.62 0.00 0.62 0.05 3.83 0.00 1.16 0.49 0.85 0.13 0.85 0.21 
1 3 SNOG_08948 0.77 0.36 0.43 0.27 0.29 0.16 1.03 0.93 1.75 0.02 0.91 0.81 0.82 0.56 
2 9 SNOG_08948 1.04 0.93 0.35 0.01 0.31 0.00 1.63 0.17 2.95 0.02 0.70 0.25 0.97 0.89 
3 4 SNOG_08948 1.60  - 0.61 0.08 0.59 0.16 0.57 0.03 2.54 0.42 0.93 0.55 0.76 0.08 
1 15 SNOG_09027 0.67 0.31 0.66 0.33 0.64 0.36 0.46 0.01 0.48 0.00 0.71 0.53 0.69 0.28 
2 17 SNOG_09027 0.29 0.01 0.18 0.00 0.15 0.00 0.41 0.00 0.50 0.02 0.31 0.00 0.67 0.07 
3 9 SNOG_09027 0.92 0.89 1.09 0.91 0.97 0.97 0.66 0.24 0.74 0.15 1.00 0.99 1.25 0.52 
1 3 SNOG_09590 1.30 0.26 3.33 0.00 2.68 0.02 0.65 0.22 0.77 0.30 2.21 0.02 3.13 0.03 
2 18 SNOG_09590 1.54 0.04 1.50 0.03 2.43 0.00 0.92 0.72 0.97 0.90 1.72 0.00 3.55 0.00 
3 9 SNOG_09590 0.93 0.74 1.38 0.01 1.14 0.65 0.48 0.00 0.81 0.31 1.05 0.65 2.39 0.00 
1 8 SNOG_09681 1.16 0.55 0.79 0.28 1.03 0.88 1.49 0.14 2.14 0.05 1.29 0.18 1.23 0.28 
2 21 SNOG_09681 1.37 0.24 0.71 0.02 0.95 0.71 1.75 0.00 2.60 0.00 1.11 0.20 1.19 0.11 
3 11 SNOG_09681 1.10 0.70 1.34 0.07 0.75 0.04 0.49 0.00 3.30 0.00 1.41 0.01 1.54 0.01 
1 4 SNOG_09682 1.09 0.69 2.57 0.04 1.93 0.04 2.33 0.11 1.51 0.46 1.91 0.03 1.62 0.18 
2 18 SNOG_09682 0.52 0.03 1.30 0.28 1.24 0.27 1.03 0.85 1.51 0.13 1.21 0.09 0.84 0.24 
3 6 SNOG_09682 0.96 0.80 1.13 0.42 1.67 0.01 1.85 0.02 1.05 0.78 1.01 0.89 1.00 0.99 
1 1 SNOG_10026 0.25  - 0.38 0.46 0.32 0.20 0.49 0.00 0.38 -  1.36 0.38 0.63 0.52 
2 3 SNOG_10026 0.31 0.01 0.32 0.24 0.28 0.13 0.49 0.29 0.47 0.40 1.26 0.25 0.56 0.10 
3 4 SNOG_10026 0.80 0.72 1.15 0.69 0.65 0.41 0.56 0.03 0.64 0.35 1.54 0.09 0.69 0.01 
1 2 SNOG_10204 0.42 0.24 0.91 0.72 0.54 0.23 0.67 0.56 1.10 0.58 0.85 0.82 0.69 0.59 
2 5 SNOG_10204 0.69 0.13 1.01 0.96 0.67 0.15 1.45 0.05 1.48 0.20 0.63 0.00 0.69 0.04 
3 3 SNOG_10204 0.81 0.67 0.95 0.58 1.23 0.18 1.64 0.02 0.71 0.10 0.79 0.19 0.94 0.50 
1 19 SNOG_11078 1.29 0.80 3.18 0.00 2.82 0.00 1.30 0.66 1.47 0.57 0.87 0.42 0.99 0.97 
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2 64 SNOG_11078 0.81 0.56 2.79 0.00 3.75 0.00 0.80 0.30 0.80 0.49 1.14 0.13 0.73 0.02 
3 50 SNOG_11078 1.33 0.04 2.22 0.00 4.24 0.00 0.82 0.05 1.27 0.05 1.11 0.14 0.99 0.84 
1 6 SNOG_11193 0.70 0.12 1.49 0.02 1.23 0.40 1.12 0.47 0.84 0.44 0.69 0.08 0.69 0.05 
2 18 SNOG_11193 0.73 0.16 0.98 0.87 0.88 0.22 0.70 0.02 0.85 0.34 0.81 0.05 0.80 0.11 
3 10 SNOG_11193 0.65 0.07 0.90 0.25 1.08 0.43 1.21 0.05 0.70 0.08 0.94 0.44 0.80 0.06 
1 2 SNOG_11329 1.46 0.00 2.51 0.39 2.65 0.34 1.65 -  1.43  - 1.80 0.14 2.05 0.11 
2 3 SNOG_11329 3.97 0.00 2.01 0.13 2.47 0.10 2.31 0.09 3.32 0.33 1.99 0.09 2.11 0.10 
3 3 SNOG_11329 0.95 0.86 1.18 0.17 1.40 0.79 1.17  - 0.74 0.54 1.16 0.73 0.97 0.78 
1 7 SNOG_11663 0.65 0.50 0.45 0.04 0.47 0.11 0.82 0.51 0.40 0.00 0.97 0.92 1.10 0.80 
2 13 SNOG_11663 0.56 0.21 0.50 0.04 0.52 0.05 1.06 0.82 0.51 0.06 0.99 0.97 1.09 0.72 
3 7 SNOG_11663 0.40 0.01 0.39 0.00 0.49 0.04 1.11 0.73 0.50 0.02 0.78 0.15 0.88 0.31 
1 4 SNOG_11745 1.43 0.05 0.78 0.28 0.98 0.92 1.56 0.08 1.42 0.07 1.28 0.44 0.88 0.44 
2 4 SNOG_11745 3.58 0.09 0.54 0.16 0.69 0.18 1.44 0.10 1.75 0.22 0.66 0.07 0.87 0.40 
3 2 SNOG_11745 1.41 0.16 1.20 0.33 0.98 0.97 1.08 0.92 1.80 0.37 0.67 0.08 0.79 0.37 
1 10 SNOG_12251 0.86 0.46 0.45 0.04 0.47 0.01 0.66 0.00 0.63 0.01 0.63 0.01 0.68 0.00 
2 22 SNOG_12251 0.95 0.89 0.22 0.00 0.23 0.00 0.76 0.32 0.84 0.62 0.57 0.01 0.99 0.95 
3 5 SNOG_12251 0.69 0.01 0.56 0.01 0.50 0.01 0.43 0.00 0.73 0.33 0.79 0.07 0.78 0.02 
1 5 SNOG_12666 0.66 0.11 0.58 0.07 0.54 0.07 0.67 0.22 0.66 0.28 0.21 0.01 0.21 0.00 
2 14 SNOG_12666 0.75 0.20 0.38 0.00 0.47 0.01 0.67 0.04 0.89 0.70 0.33 0.00 0.39 0.00 
3 9 SNOG_12666 0.66 0.15 0.64 0.01 0.71 0.11 0.76 0.05 0.54 0.00 0.48 0.00 0.46 0.00 
1 16 SNOG_12712 1.19 0.55 2.49 0.00 2.63 0.00 0.69 0.32 1.00 1.00 0.79 0.04 0.73 0.12 
2 34 SNOG_12712 1.20 0.66 0.61 0.11 0.63 0.16 0.86 0.47 1.00 1.00 0.76 0.15 0.83 0.22 
3 20 SNOG_12712 1.69 0.03 1.09 0.64 0.63 0.11 0.74 0.18 1.88 0.02 0.79 0.01 1.12 0.32 
1 15 SNOG_13042 1.58 0.02 1.86 0.02 1.83 0.01 0.80 0.48 0.60 0.18 1.74 0.00 1.71 0.00 
2 41 SNOG_13042 0.85 0.54 0.71 0.25 0.66 0.16 0.39 0.00 0.42 0.00 1.71 0.00 1.90 0.00 
3 24 SNOG_13042 0.63 0.01 0.64 0.03 0.48 0.01 0.29 0.00 0.36 0.03 1.37 0.00 1.24 0.06 
216 
 
1 13 SNOG_13583 0.62 0.15 0.65 0.14 0.67 0.30 0.81 0.59 0.71 0.41 1.02 0.92 0.95 0.80 
2 30 SNOG_13583 1.44 0.04 0.91 0.68 0.94 0.74 1.30 0.04 1.68 0.00 0.89 0.20 1.18 0.10 
3 23 SNOG_13583 0.72 0.02 0.77 0.11 0.49 0.01 1.00 0.97 1.66 0.06 1.01 0.96 1.12 0.43 
1 15 SNOG_13722 1.04 0.92 2.62 0.00 2.55 0.00 0.49 0.02 0.60 0.17 0.96 0.78 0.98 0.89 
2 21 SNOG_13722 0.60 0.19 1.08 0.68 2.65 0.00 0.59 0.18 0.56 0.33 0.89 0.64 0.87 0.46 
3 23 SNOG_13722 1.15 0.26 1.21 0.17 2.87 0.00 0.79 0.29 1.17 0.49 0.75 0.01 0.81 0.03 
1 2 SNOG_13743 0.67 0.36 0.18 0.09 0.12 0.49 1.37 0.23 1.52 0.14 0.34 0.07 0.47 0.00 
2 8 SNOG_13743 1.71 0.28 0.37 0.16 0.38 0.26 1.50 0.39 1.73 0.15 0.59 0.12 1.22 0.64 
3 4 SNOG_13743 0.98 0.93 0.65 0.35 0.54 0.23 0.74 0.06 3.97 0.00 0.49 0.00 1.15 0.42 
1 13 SNOG_13840 1.17 0.62 1.09 0.60 1.01 0.97 1.18 0.51 1.46 0.02 1.32 0.15 0.95 0.75 
2 37 SNOG_13840 1.04 0.76 0.73 0.04 0.87 0.38 1.39 0.01 1.99 0.00 1.00 0.99 0.99 0.96 
3 13 SNOG_13840 0.57 0.01 0.91 0.33 0.90 0.61 0.78 0.05 1.55 0.00 1.00 0.99 1.02 0.89 
1 24 SNOG_14322 0.82 0.55 1.55 0.14 1.73 0.03 0.83 0.35 0.53 0.01 1.44 0.09 1.54 0.01 
2 44 SNOG_14322 0.85 0.59 0.78 0.32 0.79 0.33 0.93 0.56 0.76 0.07 1.17 0.08 1.07 0.56 
3 28 SNOG_14322 1.12 0.59 1.29 0.14 0.92 0.73 1.14 0.47 1.00 0.99 1.28 0.05 0.94 0.62 
1 2 SNOG_14611 0.53 0.30 0.40 0.05 0.41 0.01 0.42 0.10 0.51 0.03 0.28 0.02 0.20 0.07 
2 6 SNOG_14611 1.33 0.55 0.68 0.24 0.65 0.23 1.66 0.11 1.20 0.52 0.59 0.06 0.60 0.04 
3 5 SNOG_14611 0.68 0.54 0.65 0.01 0.61 0.12 1.51 0.29 0.44 0.01 0.60 0.07 0.44 0.00 
1 12 SNOG_14851 1.12 0.76 2.37 0.04 1.84 0.17 0.74 0.59 0.48 0.06 1.13 0.51 1.44 0.12 
2 20 SNOG_14851 1.06 0.84 1.93 0.00 2.29 0.00 1.03 0.89 0.92 0.68 1.26 0.05 1.10 0.34 
3 9 SNOG_14851 1.30 0.43 1.47 0.00 1.57 0.15 0.61 0.00 0.90 0.58 1.10 0.47 0.93 0.63 
1 4 SNOG_15174 0.97 0.89 0.23 0.00 0.35 0.03 0.31 0.04 0.61 0.16 0.42 0.01 0.40 0.00 
2 4 SNOG_15174 1.30 0.58 0.39 0.06 0.36 0.04 0.69 0.28 0.67 0.18 0.57 0.01 0.83 0.20 
3 1 SNOG_15174 0.93 0.80 0.59 0.24 0.55 0.31 0.92 0.28 0.94 0.93 0.81 0.34 0.75 0.04 
1 3 SNOG_15275 0.53 0.35 0.44 0.13 0.36 0.03 0.44 0.31 0.28 0.06 0.72 0.06 0.69 0.45 
2 6 SNOG_15275 0.70 0.43 0.38 0.18 0.48 0.21 0.71 0.02 0.34 0.10 1.09 0.25 1.35 0.06 
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3 10 SNOG_15275 0.99 0.97 0.24 0.00 0.23 0.00 0.30 0.00 1.01 1.00 0.83 0.11 1.14 0.44 
1 4 SNOG_15488 0.84  - 2.96 0.29 1.49 0.80 1.24 0.75 1.40 0.81 2.56 0.34 2.07 0.39 
2 18 SNOG_15488 1.09 0.80 2.47 0.01 2.06 0.01 0.84 0.27 1.14 0.58 1.52 0.04 1.23 0.20 
3 5 SNOG_15488 0.97 0.92 2.78 0.00 2.91 0.01 0.93 0.75 0.74 0.55 1.57 0.23 1.26 0.52 
1 3 SNOG_15879 1.81 0.46 1.75 0.14 1.48 0.40 0.93 0.74 0.58 0.29 1.53 0.02 1.28 0.40 
2 11 SNOG_15879 0.98 0.96 1.07 0.83 1.10 0.77 0.88 0.63 0.91 0.82 1.49 0.06 0.84 0.48 
3 7 SNOG_15879 1.35 0.41 0.92 0.65 0.87 0.56 2.34 0.03 0.81 0.43 1.58 0.00 1.24 0.18 
1 15 SNOG_16475 1.24 0.28 1.45 0.06 1.40 0.12 1.98 0.00 2.56 0.00 1.44 0.01 1.51 0.01 
2 22 SNOG_16475 1.19 0.47 0.93 0.71 0.99 0.93 1.21 0.22 1.79 0.03 1.13 0.51 0.98 0.91 
3 11 SNOG_16475 0.84 0.38 1.24 0.07 1.13 0.44 0.86 0.12 1.58 0.12 1.11 0.24 1.03 0.69 
 
